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ABSTRACT
The Investigation of Functionalized Carbon Nanotubes for the Carbon
Dioxide Capture and Ethane Oxidative Dehydrogenation Catalysts
Zheng Zhou
Department of Chemistry and Biochemistry, BYU
Doctor of Philosophy
Carbon nanotubes (CNT) have gained interest for wide use as both support and catalyst
due to the ease of uniquely tunable surface chemistry. Increasingly severe greenhouse effects
have attracted attention to novel materials and technologies capable of capturing carbon dioxide
(CO2).
In this context, we develop a CNT based solid state amine for the CO2 capture. CNT are
functionalized under various methods as a support for polymeric amines. Polyethyleneimine are
physically adsorbed on CNT and are further characterized and studied for reversible CO2
capture. We obtain a high CO2 capture capacity (6.78 mmol∙g-1) for linear polyethyleneimine
(LPEI) and 6.18 mmol∙g-1 for branched polyethyleneimine (BPEI). Based on the study of pore
structure, we also demonstrate that in a steam post-combustion environment, supported
polymeric amines on CNT show higher stability than traditional metal oxides. Besides the
increased stability of the support in steam, we also improve the stability of amines under steam
conditions by developing a covalent modification method. The CO2 capture capacity of the
covalent bonded materials under steam conditions improved by 14% compared to dry conditions.
In addition, the loading, chemical properties of PEI, and the surface chemistry of CNT remained
stable under steam conditions compared to physically adsorbed PEI on CNT. These results
suggest that covalent bonded PEI on CNT can be more suitable for CO2 capture in postcombustion processes.
A different CNT application is as a catalyst for oxidative dehydrogenation (ODH) of
ethane, and herein we develop a new processing technique for tuning the surface chemistry of the
CNT-based catalyst. A one-step, gas-phase hydrogen (H2) surface modification is used to reduce
carboxylic groups to phenolic groups on carbon nanotube (CNT) materials. This technique is
greener and more facile for large-scale industrial catalysts than what has previously been
reported. This method uses fundamental principles of CNT surface chemistry to efficiently
reduce the unselective oxidation sites and enhances the active sites used for alkane oxidative
dehydrogenation. The resulting catalyst improves the ethylene selectivity and yield by at most
81% and 28% respectively compared to the non-modified catalyst. A clear linear correlation
between the functional groups and catalytic activity reveals the effect of specific oxygen species
on performance. As the catalyst surface area increases, pretreatments generate more selective
active sites instead of over-oxidation sites, providing a guideline for catalyst optimization. We
suggest that the gas-phase H2 method is general for reducing carbon catalysts to increase
selective oxidation sites for gas phase reactions
Keywords: carbon nanotube, carbon dioxide, capture, catalysis, oxidative dehydrogenation
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Chapter 1
1

Introduction
Carbon nanotubes (CNTs) are cylinders composed of single or multiple graphene layers.

The global CNT market generated over approximately $700 million in 2015. The CNTs annual
growth rate is estimated to continue grow by 17 % over the period of 2016-2022.1 Carbon
nanotubes (CNT) including multi-walled carbon nanotubes (MWNT) and single walled carbon
nanotubes (SWNT) was first synthesized by lijima from arc discharge of fullerenes.2,3 Since then
CNT materials have played an critical role in nanotechnology due to their versatile and
fascinating physicochemical properties and have been widely used as catalysts, supports,
materials in electronics applications, gas storage carriers, and polymer reinforcements.4,5 In
addition, researchers have developed many methods for CNT manufacturing besides the classical
arc discharge including laser ablation,6 chemical vapor deposition,7 flame synthesis,8 pyrolysis,9
electrolysis,10 electron or ion beam irradiation,11 template methods12 and solar approaches.13
Carbon nanotubes (CNT) are an attractive carbon-based material to use as a support due to their
large surface area for adsorbate molecules14 and low cost.15 CNT are known to stable to moisture
as well as have excellent chemical16 and thermal stability under mild conditions.17 CNT also have
high electric and thermal conductivity. These features of CNT are promising for applications to
gas capture and catalysis.18
Since CNT is considered chemically inert, materials are difficult to use directly in
chemical reactions. Therefore, surface modification is essential to activate CNT for the further
applications. In addition, its various surface chemistry including surface charge, interfacial
properties, surface area, electron donor-acceptor properties, acidic and basic properties can be
1

controlled and tuned.19 Therefore, employment of various surface modification methods could
generate versatile materials and also optimize a specific behavior based on the targeted
application. Commonly used methods for functionalization include surface oxidation, grafting of
organic groups or macromolecules, doping of heteroatoms, chemical or electrochemical coating
of polymers or nanoparticles, irradiation functionalization, and plasma activation.18
Among the diverse strategies for surface modification, deliberate covalent
functionalization of oxygen-containing groups on the sidewall and two ends of CNT is a widely
used and accepted approach for secured chemical modification.20 The oxygen-containing groups
on CNT surfaces such as carbonyl, carboxyl and hydroxyl are most studied and discussed
especially within the context of catalysis.21 The deliberate introduction of functional groups onto
CNT has been achieved via a variety of methods. The most common method used for the
oxidative functionalization of CNT is liquid-phase oxidation mainly based on acidic etching via
refluxing nitric acid,22 mixed sulfuric/nitric acid,23 potassium permanganate (KMnO4),24
hydrogen peroxide (H2O2) or potassium hydroxide (KOH).25 The surface modified CNT can be
further used in many applications. The two applications that are relevant to this work are carbon
capture and storage as well as a carbon-based catalyst applied toward oxidative dehydrogenation.
This work within the context of these applications is discussed below.
1.1 Carbon capture and storage
1.1.1 CO2 concentration atmosphere
Energy is in ever increasing demand due to rapid economic growth, modern civilization
development, and explosive population growth. As Figure 1.1A shows, 85% of energy
generation is mainly from burning conventional fossil fuels including coal, petroleum, and
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natural gas.26 In 2017, total energy consumption reached 13.5 gigatonne of oil equivalent (Gtoe)
(5.65*1017 kJ) and energy generated from these three sources accounts for 27.6%, 34.2% and
23.4%, respectively. Only 2.0 Gtoe (8.37*1016 kJ) comes from new energy sources including
renewables (10.4%) and nuclear energy (4.4%).27 China and U.S. are the top two countries that
contribute to the most energy consumption by fuel. As the technologies of nuclear and renewable
energy is still in development, fossil fuels are not expected to be replaced for a very long time in
the future. For projections as far as 2040, petroleum will continue to be a primary source
supporting the energy consumption of the world (Figure 1.1B). The discovery of shale gas
reserves and advances in mining technology have further secured natural gas as a critical fuel
source in the industrial and electric power sectors. The use of coal will still increase in
developing countries but is expected to slightly decrease in developed countries.28

Figure 1.1 Total world energy consumption by energy source in A) 2017 and B) 2040.27
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An obvious consequence of fossil fuel burning is that large quantities of CO2 are
generated in this process and then released to the atmosphere. CO2 global emissions from
industry has exceeded 30 Gt since 201329 and reached a record high of 37.1 Gt in 2018, which is
2.7% higher than the previous year.30 China, the United States, and the European Union are the
top three CO2 emitters, sharing the 53.5% of the emission.31 While the preindustrial CO2
atmospheric concentration was fairly stable for thousands of years, the continuous CO2
emissions have significantly affected the CO2 atmospheric concentrations. Natural generation
and sequestration processes of CO2 are in dynamic equilibrium. And despite industrial CO2
emissions being much much lower compared to the natural emissions the Intergovernmental
Panel on Climate Change’s Fifth Assessment Report (IPCC AR5) shows that in 2008, CO2
emissions into atmosphere are from (Pg C y-1): land respiration (118.7), oceans (78.4), fossil fuel
burning (7.8), fresh water (1) and volcanoes (0.1). Of these natural CO2 emissions, 98.7% of
them are estimated to be removed by the photosynthesis process from various natural carbon
sinks including plants, ocean, and soil. However, ~57% CO2 emissions from burning fossil fuel
cannot be effectively removed from the natural carbon cycle and therefore have caused a gradual
increase in atmospheric CO2 concentration for several centuries. IPCC AR5 also claimed that the
globally averaged CO2 concentration has increased from ~280 ppm in 1850 to a value of ~390
ppm in 2010.32 This 110 ppm change normally takes 5000 – 20000 years in nature.33 Current
CO2 concentration has reached 411 ppm in 2019 and the increased growth trend has not slowed
down.34 With no decreasing rates, the atmospheric CO2 concentration is projected to reach 550
ppm in 2050.35
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1.1.2 CO2 effect of earth, disaster, greenhouse effect
This ability to absorb and re-emit infrared energy is what makes CO2 an effective heattrapping greenhouse gas, or in other words, it acts somewhat as a blanket. CO2 can also remain in
the atmosphere for a fairly long time; the increase of atmospheric CO2 concentrations caused by
the anthropologic emissions lasts thousands of years. Trapping the heat from the sun in this way
warms up the earth and contributes to the greenhouse effect. Much of the observed climate
change is driven by this effect causing adverse influence on natural ecosystems, human beings’
life and the economy of countries.
1.1.2.1 Effect of climate change on natural ecosystems
Climate change, especially the increase of temperature, has already influenced a variety
of natural ecosystems.36 Global warming is most pronounced in high global latitudes but has the
least effects in the North and South Atlantic Oceans. The shrinkage of Arctic and Antarctic sea
ice, extreme heat events, heat waves and heavy precipitation are likely to continue to increase
tropical storms including typhoons and hurricanes which may be stronger accompanied by
greater wind and precipitation while the other storms outside the tropics will move toward polar
regions. Moreover, precipitation in high latitudes may also increase which then causes the
increase of river runoff and peaking early spring floods and causing the distribution of animals
and plants to migrate to higher latitudes and altitudes. The reduction in forest area caused by
climate change results in a decrease of biological species, especially in tropical rainforests.
Additionally, the quantity and geographical distribution of plankton and fish also change and
migrate accordingly.
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1.1.2.2 Effect of climate change on human beings
Climate change also influences human beings’ lives. The increase in atmospheric CO2
concentrations can cause stronger ultraviolet radiation, higher temperatures and an increase in
plant diseases and pest phenomena. Moreover, the quality of plants including the content of
protein, vitamin C, calcium, zinc and other microelements (iron, iodine, copper) also decrease
significantly.37 Animal husbandry is also influenced by climate change. The increase of
temperature can cause decreased appetite, food conversion efficiency and reproductive capacity
by disorganizing the body thermal temperatures of livestock which, in turn, reduces quantity and
quality. The increase of heat waves, floods, fires and droughts cause the increase of risk of
disease and death, which are jeopardizing to humanity.
1.1.2.3 Effect of climate change on the economy
Table 1.1 The economic losses resulting from catastrophic weather from 1950s to 1990s.
Decade Comparison (losses in US$ billion, 1999 values)*
1950s

1960s 1970s 1980s

1990s

Factor
90s : 50s

Factor
90s : 60s

Number
Weather-Related
13
16
29
44
72
5.5
4.5
Non-Weather-Related
7
11
18
19
17
2.4
1.5
Economic Losses
38.7
50.8
74.5 118.4
399
10.3
7.9
Insured Losses
0/unknown 6.7
10.8
21.6
91.9
NA
13.6
*The values are based on (Climate Change 2001: Impacts, Adaptation, and Vulnerability, 2001)
The frequency of catastrophic weather keeps increasing since the middle of 20th century.
In the 1990s, it happens around 70 times per year, which is increased 6 times compared to that in
the 1950s. The economic losses caused by these weather anomalies also have increased 10 times
from 100 million dollars in the 1950s to 1 billion dollars in the 1990s (Table 1.1). Climate
change can cause a 5% loss of gross domestic product (GDP) in low-income economies.
6

Therefore, climate change caused by emission of greenhouse gases has become an important
issue under discussion for most countries in the world.
1.1.2.4 Greenhouse gases emissions reduction policy
The scientific basis for climate change caused by greenhouse gases emissions is provided
by IPCC in their first evaluation report in 1990. According to this report, the United Nations
established the Intergovernmental Negotiating Committee (INC) and United Nations Framework
Convention on Climate Change (UNFCCC). Based on this framework, a series of law, policy
and technology agreements are documented through the negotiations between countries, which
acts as a guidance for current international collaboration, negotiation, and action of climate
change control and greenhouse emission reduction. However, UNFCCC is just a general
framework and further agreements are still needed for its implementation. Kyoto Protocol in
1997 is a more detailed agreement that regulated the specific plan, timeline, and amount of
greenhouse emission reduction for each country.
1.1.3 CO2 capture and sequestration
CO2 emission is mainly from energy generation at large fossil fuel or biomass energy
facilities, major CO2-emitting industries, natural gas production, synthetic fuel plants and fossil
fuel-based hydrogen production plants (Table 1.2). Therefore, the carbon capture and
sequestration (CCS) from these large point sources is identified as an efficient route to address
the issue of global warming. Currently, CCS including carbon capture, compression, transport,
storage and monitoring, is mainly focused on the reduction of CO2 emission from coal-based
power plants. It is critical and urgent to develop a cost-effective method to achieve an
economical CO2 sequestration in the industry.

7

Table 1.2 Profile by process or industrial activity of worldwide large stationary CO2 sources
with emissions of more than 0.1 million tonnes of CO2 (MtCO2) per year.*
Process
Number of sources Emissions (Mt CO2 yr-1)
Fossil fuels
Power
4942
10539
Cement
1175
932
Refineries
638
798
Iron and steel industry
269
646
Petrochemical industry
470
379
Oil and gas processing
Not available
50
Other sources
90
33
Biomass
Bioethanol and bioenergy
303
91
7887
13466
Total
*IPCC 2005: Carbon capture and storage
1.1.4 CO2 capture methods
Three major approaches including captures at pre-combustion, post-combustion, and
oxyfuel combustion are targeted to reduce CO2 emission from thermal power plants depending
on different configurations.
1.1.4.1 Pre-combustion capture

Figure 1.2 The CO2 capture in the pre-combustion process.42
Pre-combustion capture is widely used in the Integrated Gasification Combined Cycle
(IGCC) coal-based power plants.38 In the pre-combustion process, the high concentration (>20%)
of CO2 acts as a byproduct with H2 produced via the water-gas shift reaction of syngas.39 The
CO2 is separated and compressed and pure H2 is used to generate electricity.40,41 The compressed
8

CO2 is captured by a low-cost physical solvent including rectisol and selexol to complete the
storage (Figure 1.2).
1.1.4.2 Post-combustion capture

Figure 1.3 The CO2 capture in the post-combustion process.42
Post-combustion capture is applied for retrofitting existing power plants. As Figure 1.3
shows, in this process, a moderate concentration (<15%) of CO2 in the flue gas stream is
generated from combustion in the existing power plant under ambient air atmosphere, which is
further captured and stored through chemical adsorption.26 This method has been demonstrated
at small scale to recover 800 t CO2 per day.38
1.1.4.3 Oxyfuel combustion capture

Figure 1.4 The CO2 capture in the oxyfuel combustion process.42
Oxyfuel combustion uses an air separation unit for N2 removal. The residual pure O2 is
sent to the chamber with fuel for combustion to generate a high concentration of CO2 (80-98%)
with water vapor in the flue gas.43 The water vapor can be removed via condensation and then
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the residual dry CO2 can be compressed, transported and stored (Figure 1.4). This process is
promising for CO2 capture but currently it has not been applied to full scale projects (1000-2000
MWh), and only some sub-scale plants (25 and 250 MW) are under development.44
1.1.4.4 Comparison of three CO2 capture methods
Table 1.3 Pros and cons of three CO2 capture methods.
CO2 capture
method
Application
plants

Pros

Cons

Post-combustion
Coal-fired & gasfired
Mature
technology than
others
Facilely retrofit
into existing
plants

Relative lower
CO2 capture
efficiency

Pre-combustion
Coal-gasification
High CO2 capture efficiency
Developed technology

Oxyfuel
combustion
Coal-fired & gasfired
High CO2 capture
efficiency
Mature air
separation
technologies
Less gas needed

Commercially applied at the
certain scale in some industrial
sectors
Potential for retrofit to existing Small equipment
plants
required
Heat transfer issue
Energy penalty
CO2 capture efficiency decays
High power required for
adsorbent recovery
High capital and operating
costs
limited application due to few
gasification plants used
currently

CO2 capture
efficiency decays
High cost for
cryogenic O2
generation
Corrosion issue

The pros and cons of these CO2 capture methods are shown in Table 1.3. In general, the
pre-combustion method can be only applied to coal-gasification plants while the other two
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methods can be applied to both coal-fired and gas-fired plants. The post-combustion method is
more mature compared to other two methods and can be easily applied for retrofitting existing
power plants for CO2 capture.45 However, it suffers a 6~8% energy penalty due to the low
concentration of CO2 in the flue gas stream and thus affects capture efficiency.46,47 In contrast,
the relatively high CO2 concentration in the pre-combustion and oxyfuel combustion process is
favorable for capture efficiency. However, the relative high cost of fuel production, compatibility
of instruments and energy penalties make these less competitive and limit their future usage. The
cost of different methods in CO2 capture are shown in Table 1.4. For coal-fired plants, the precombustion method shows the lowest cost, while the cost is similar between post-combustion
and oxyfuel methods; the cost in CO2 capture via post-combustion is around 50% less. In
general, on the basis of maturity, cost, and compatibility, the post-combustion method is the most
promising in large-scale industry CO2 capture.
Table 1.4 Cost comparison between different CO2 capture methods.
Plant
Coalfired

Gasfired

Factor
Thermal efficiency
(%LHV)
Capital cost ($/kW)
Electricity cost
(c/kWh)
Cost of CO2 avoided
($/t CO2)
Thermal efficiency
(%LHV)
Capital cost ($/kW)
Electricity cost
(c/kWh)
Cost of CO2 avoided
($/t CO2)

N.A.

CO2 capture method
PostPre-combustion
combustion

Oxyfuel
combustion

44.0

31.5

34.8

35.4

1410

1820

1980

2210

5.4

6.9

7.5

7.8

-

23

34

36

55.6

41.5

47.4

44.7

500

1180

870

1530

6.2

9.7

8.0

10.0

-

112

58

102
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1.1.5. Liquid and solid-state amines
1.1.5.1 Liquid state amine CO2 capture
In the industry, CO2 capture can be commonly achieved using liquid phase amines, which
have been implemented and well developed since the 1930’s.48 To be specific, flue gas
containing CO2 is sent to a scrubber and adsorbed by aqueous amine. The CO2 saturated amine is
next passed through a stripper and heated with steam generated from the plant. CO2 is released
from the amine solution and compressed for further usage.49 Monoethanolamine (MEA) is the
most developed, widely researched liquid phase amine and considered the benchmark material
for amine scrubbing in post-combustion CO2 capture. However, it can suffer thermal degradation
and evaporation which lowers CO2 capture efficiency. Besides that, poisonous SOx and NOx
gases and corrosive amines implemented in the system can be harmful to the environment.49,50
1.1.5.2 Solid state amine CO2 capture
Solid state amines are considered promising alternatives which have potential to further
improve CO2 efficiency while overcoming the shortcomings of liquid state amines. Studies on
solid state amines are still new compared to liquid state amines. Solid amines bonded to high
surface area supports including metal oxides,51 zeolites,52 and carbon-based materials,15 are
promising adsorbents because they offer a low energy solution for regenerable, low cost,
efficient, and selective CO2 capture.45,53
1.1.6 Metal oxides support
Many advances in solid sorbent materials for CO2 capture have been reviewed recently
including solid sorbents and also solid supports that have been functionalized with amines.54,55
As a support, metal oxides are cost-effective, easily modified, provide avenues for mesoporous
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hierarchical structure, and allow both covalent and physical grafting of amines to the surfaces.
However, metal oxides are susceptible to thermal degradation and often undergo self-catalyzed
amine oxidation at moderate temperatures resulting in lower CO2 adsorption efficiency. Zeolites
have also been functionalized with amines, however small pore size often limits the amount of
amine that can be loaded onto the material. The zeolite synthesis method often impacts not only
the loading of amine but also the distribution and availability of sites. Metal organic frameworks
have arguably been quite efficient at CO2 adsorption at low temperatures and low pressures,
however, they are often prohibitively expensive to make and susceptible to poor gas adsorption
selectivity upon exposure to water vapor. These materials are not greatly improved by the
addition of grafted amines.
1.1.7 Carbon-based support
Porous carbon-based materials including CNT,55 graphene,56 carbon nanofiber,
amorphous carbon and activated carbon57 have been studied as amine supports for CO2 capture
due to their low cost, easy preparation, regeneration, and moisture resistance compared to other
materials.58 It is well known that the incorporation of amine functional groups in the porous
carbon-based structure can significantly improve the adsorption efficiency. Carbon nanotubes
(CNT) have large surface area14 and low cost15 and are an attractive material for supporting
amines. In addition, CNT perform well under flue gas conditions based on its moisture
insensitivity as well as chemical16 and thermal stability.17 During the synthesis of CNT,
impurities such as residual metal and carbonaceous deposits have adverse influences on practical
applications of CNT59 and also present a serious impediment for characterization.60 However, the
influence of trace impurities of CNT on CO2 capture is still unclear. Studies are necessary to
address whether the purification of CNTs can improve the CO2 capture capacity of the amines.
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1.1.8 CNT and PEI
The selection criteria for amines includes optimal efficiency of CO2 absorption, low cost,
ease of variability, and tolerance to temperature and pressure. In terms of increasing efficiency,
this can be done both by the type and the number of amine groups. Primary and secondary
amines are not fully saturated and are therefore more amenable to CO2 adsorption and reactivity.
Tertiary amines still form salt carbamate complexes but are much less efficient at CO2 capture.
The number of amines also increases the number of CO2 complexes that can be made. Polymeric
amines incorporate both of these criteria as they have a maximum number of amines per carbon
atoms and have a good number of primary and secondary amine groups. In addition, polymeric
amines are economically priced and come in a variety of forms. These materials are tolerant of
temperature and pressure and therefore are good candidates for adhering to CNT supports. The
downside to these polymeric amines are tertiary amine branching points that are less likely to
react with CO2.
Polyethylenimine (PEI) is a promising amine-functionalized adsorbent because of higher
amine group density compared to other amine-containing compounds.61 Recently, a few studies
have begun to investigate the performance of PEI functionalized CNT (CNT-PEI) for CO2
adsorption. For instance, Liu et al. studied the CO2 adsorption behavior of various branched PEI
functionalized CNT and found that end-capped PEI-CNT exhibited a significantly higher
adsorption capacity (2.538 mmol/g) than regular PEI-CNT.15 Moreover, Andreoli et al. showed
that branched PEI-CNT absorbed CO2 in the form of carbamate species and bicarbonates and a
pseudo-2nd order kinetic rate was also proposed for CO2 absorption on PEI-CNT.62 Dillon et al.
used fluorinated CNT to react with branched PEI and form covalent attachments of PEI on CNT
and evaluated its performance of CO2 absorption.55
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Despite a few key studies regarding the differences between LPEI and BPEI as CO2
capture adsorbents, the CO2 capture performance comparison of these two materials remains
vague.63,64 Li et al. showed that BPEI achieved higher CO2 adsorption capacity versus LPEI
supported on nano silica.63 However, the opposite result was reported by Zhang et al..64 The
chemical and instrumental factors and the seemingly contradictory results can be attributed to
different reactor conditions and packing methods. In order to better understand adsorbent
behavior, it is important to investigate the effect of reactor conditions on CO2 adsorption
capacity.
1.1.9 Stability of Metal oxide supported PEI
CO2 capture using solid state amines has been extensively studied by many researchers.
Most of these studies focus on designing new materials and improving CO2 capture capacity
under dry environments. However, adsorbents can show varying resistance toward steam
exposure based on their physical properties and the method for grafting or supporting the
amine.65 Most steam stability investigations focus on silica and alumina materials. Jones et al.
performed steam treatment on silica and alumina supported PEI at 105 °C for 24 h. The CO2
capture test was performed at room temperature with 10% CO2. Results showed that CO2 capture
was reduced by 67.1% for the sliica supported PEI and 16.3% for the alumina supported PEI.
The same study was also performed under dilute CO2 stream (400 ppm), the CO2 capture was
reduced by 81.3% and 25.2% for the silica and alumina supported PEI.66 A similar steam
stability study for the a meso-cellular silica foam supported PEI was also performed by Jones et
al. with results showing that CO2 capture was reduced due to structural collapse of the support.67
Sandhu et al. conducted steam treatment on silica supported PEI at 110 °C for 5 h and CO2
capture was reduced by 5%.68 Hammache et al. studied the stability of CARiACT G10 silica
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under 3.5 h steam exposure at 105 °C and observed that the CO2 capture decreased by 12% after
eight adsorption/steam regeneration cycles. The decrease in CO2 capture was due to the
reagglomeration of the PEI inside the pore structure, causing pore blockage and subsequent
reduction of the CO2 capture efficiency.69 Jahandar et al. studied the steam stability of triamine
functionalized SBA-15 under various temperatures. They showed that the influence of steam was
directly related to the adsorption temperature. After the triamine functionalized SBA-15 was
treated under steam at 120 °C for 6 ~ 48 h, its CO2 capture was reduced at room temperature but
not at higher temperature (> 50 °C). They also found that the reduction of CO2 capture may be
due to restructuring of amines inside the pores.70 Min et al. compared the steam stability of four
silica supported PEI materials including one microporous silica (MacS) and three mesoporous
silicas (SBA-15, MCM-41 and MCF) under steam at 120 °C for 14 days. Results showed that the
CO2 capture for SBA-15, MCM-41 and MCF supported PEI was reduced by 50, 61 and 42%,
respectively. PEI loading decreased up to 34%. However, CO2 capture was reduced by 10% in
the presence of MacS supported PEI with unchanged PEI loading. This is due to the thick pore
walls of MacS and negligible PEI loss.71
1.1.10 Stability of CNT supported PEI
Compared to conventional silica and alumina metal oxides, carbon based materials, such
as multiwalled carbon nanotubes (CNT), are an attractive support for amine because of their
better moisture insensitivity and chemical stability.55 Wet impregnation methods are commonly
used for adhering amines to CNT supports based on van der Waal forces between the support
and the amine. This is an easy method for adsorbent preparations resulting in high amine
loadings and high CO2 capture efficiency.15,72-74 However, when a prototypical tube flow reactor
system is used for the CO2 capture, the physically adsorbed amine often separates from the
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support in the presence of steam, which lowers the sustainability/recylcability and increases the
cost of materials for the post-combustion CO2 capture.75 To overcome this drawback, a
covalently bonded amine is required. Amines bonded to CNT can be achieved through (i) the
reaction between the amine groups and acyl chloride functionalized CNT,76 (ii) the reaction
between amine groups and fluorinated CNT,77 and (iii) direct amination on CNT.78 Although
covalently bonded amine modified CNT have been successfully synthesized, they have either not
been used for CO2 capture in the same study or have tested CO2 capture only under dry
conditions.55,77,79-82 A number of studies have reported the performance of amino-silane modified
CNT under various steam conditions.83-86 Although the long-term study in chemical stability of
materials was missing in Yang’s work, Su et al. claimed that their material was stable under both
dry and steam conditions under many cycles.85,86 Despite these advances, the synthesis of aminosilane modified CNT requires a large excess of initial reagent and solvent, which is not suitable
for large scale production. Moreover, specifics regarding the bonding between CNT and APTS
and the stability of those bonds to water vapor are not clearly reported. In view of the
shortcomings mentioned above, an alternative amine needs to be developed that can be
covalently bonded to CNT. The current work in Chapters 3 and 4 of this work is a contribution to
fill this gap. In this work, CNT is used as a support, and polyethylenimine (PEI) is used as a CO2
adsorbent because of its inherently high CO2 capture efficiency per molecule.49 The materials
were synthesized using the reaction of PEI with acylated CNT and analyzed via multiple
characterization methods. The effect of surface properties on the PEI loading was investigated
and described by a statistical model. Moreover, the relationship between the initial input of PEI
and its final loading on CNT is also studied to minimize the reagent inputs. In addition, we
conducted a comparison of CO2 capture and steam stability between covalently and physically
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PEI modified CNT with similar PEI loading. Our results provide new insights into the CO2
capture and stability of PEI modified CNT under steam conditions.
1.2 Nonoxidative dehydrogenation of alkane
Light olefins including propylene (propene) and ethylene are vital hydrocarbons in the
chemical and petroleum industry due to their diverse application as chemical building blocks.
They are both considered elementary feedstock that can be used for production of polymers (e.g.,
polyethylene and polypropylene), oxygenates (e.g., ethylene glycol, acetaldehyde, acetone, and
propylene oxide), and important chemical intermediates (e.g., ethylbenzene and
propionaldehyde).87 The need for light olefins has increased gradually and steadily recently with
all major markets experiencing a strong growth in demand and production.88 Conventional
methods to produce light olefins including steam cracking and fluid catalytic cracking (FCC) of
naphtha, light diesel and other oil products are widely used. For instance, almost all propylene
was produced from steam cracking and FCC but only less than 3% of propylene production was
from “on-purpose” techniques in 2007.89 However, shortcomings of the traditional methods
including energy-extensive consumption, shrinking petroleum reserves, low selectivity to the
olefin targets, and swings in the world petroleum prices constrain future development. In order to
overcome these drawbacks, a lower cost feedstock and more efficient conversion technologies
must urgently be applied to the petrochemical industry. Recently, with the breakthrough of
hydraulic fracturing or “fracking” technologies, shale gas can be extracted in a large scale and
cost-effective manner. In the United States, 25% of natural gas production can be achieved from
shale gas reserves with this number expected to further increase in the coming years because of
the emphasis given to the achievement of energy independence.90,91 The increased reserves of
natural gas have already reduced gas costs by 75% compared to 2005 prices and as a result, shale
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gas has obtained a lot of attention both as an energy source and as a feedstock for petrochemicals
production. This includes the production of light olefins, which can be produced by initially
converting natural gas feedstock into syngas following by further conversion either directly
through the Fischer−Tropsch-to-olefins (FTO) route or indirectly through the methanol-toolefins (MTO) process.92,93
The largest composition of shale gas deposit is methane, but it also contains a
considerable amount of natural gas liquids including ethane and propane, which can be separated
easily from the natural gas.94 As a result of the recent boom in shale gas reserves and production
the United States has become the chemical producer with the lowest cost outside of the Middle
East.95
With the large deposits and availability of natural gas liquids and ethane, the United
States has gradually renovated technology from oil-based naphtha to shale-based ethane for
steam cracking plants. More ethane crackers are under construction while naphtha crackers are
dismantled or converted. Compared to naphtha cracking, steam cracking of ethane shows a high
selectivity for ethylene with a trace amount of byproduct. This results in the decrease of
propylene supply and the sharp increase in price, creating opportunities for the development of
on-purpose technology; the profitability of propane dehydrogenation is determined to a large
scale by the price difference between propane and propylene, which favors the current market.
Because the dehydrogenation process is an on-purpose route to convert alkane directly to alkene,
this advantage can favor a specific type of alkene selectivity rather than a mixture of products
and byproducts. Currently, the dehydrogenation route is optimized in order to produce olefins of
polymer-quality purity.96
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1.3 Oxidative dehydrogenation of alkane
1.3.1 Metal oxides catalyst in ODH
Hydrocarbon dehydrogenation reactions are very important in the petrochemical industry.
Direct dehydrogenation (DDH) is a traditional technology and normally used for the alkane
dehydrogenation under potassium promoted iron catalysts.97 This process is endothermic (for
example, DDH of ethylbenzene ΔH = 124.85 kJ mol−1), thermodynamically limited, and energy
intensive in nature. The coke formation can be removed via excess steam in order to regenerate
the catalysts but this decreases the energy efficiency for the entire reaction process. Oxidative
dehydrogenation (ODH) is an attractive alternative process that overcomes these shortcomings
without reducing catalyst performance. Different from traditional DDH, it is an exothermic
reaction (for example, ODH of ethylbenzene ΔH = -124.85 kJ mol−1) and has the potential to
improve the energy efficiency by operating at a lower temperature. Transition metal oxides have
been commercially applicable due to the functionality of lattice oxygen in the reaction. However,
there is a formidable challenge for selectivity because the product olefins are much more active
than the reactant paraffins, leading to deep oxidation to CO and CO2, which reduces the
economics of this method.
1.3.2 Carbon catalyst in ODH
In order to overcome the major shortcomings caused by metal oxide catalysts in the ODH
process, many studies have been focused on the research and preparation methods of novel
catalysts.98-101 Recently, an alternative catalytic substance, carbon, is gaining more attention due
to its significant advantages including its unique controllable surface acidity/basicity and π
electron structure obtained from surface functionalization compared to conventional metal
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oxides. In addition, the short- and long-range ordering of carbon atoms in the carbon materials
can affect its macro-physiochemical properties and stability performance.102
However, due to the complexity of chemical composition and structure on the carbon surface it is
difficult to qualitatively and quantitatively characterize the function of surface groups in the
ODH reactions. Jordan et al. and Hertel et al. have demonstrated both theoretically103 and
experimentally104 that a large energy barrier exists for alkane or oxygen molecules to chemically
adsorb on a perfect graphene surface while this barrier is relatively low for edge sites (7
kcal/mol), suggesting that oxygen can be activated at these sites.105 Specifically nucleophilic
functional groups including quinone and phenol groups are the potential active sites for oxygen
and alkane activation.106
1.3.3 The mechanism of carbon catalyzed ODH
The ODH reactions on carbon catalysts are widely accepted as a consecutive sequence of
alkane activation and dehydrogenation on nucleophilic groups generating water as a byproduct
followed by reoxidation of the nucleophilic groups with active oxygen species.
1.3.3.1 Mars-van Krevelen (M-K) theory
The specific mechanism of carbon-catalyzed ODH reactions are initially thought to
follow the Mars-van Krevelen (M-K) theory which is most applicable to metal oxide catalysts,107
each elementary molecular step is shown in Scheme 1.1. Initially, alkane molecules are
chemically adsorbed on the nucleophilic surface carbon sites (ie: ketonic or carbonyl groups).
Then the hydrogen atom is abstracted from alkane while the formed product alkene desorbs from
the catalyst leaving reduced carbon groups. Oxygen reoxidizes these groups to regenerate the
active sites completing the catalytic cycle after water desorption. However, Vannice reported that
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this theory may not be completely applicable to the ODH process on the carbon catalyst. In the
kinetic model on carbon supports the oxygen atoms are described as the reactive oxygen species
instead of an adsorbed oxygen molecule.108

Scheme 1.1 Mechanism of carbon catalyzed ethylbenzene ODH reactions
according to the Mars van Krevelen theory.

1.3.3.2 Langmuir−Hinshelwood (L−H) theory
Therefore, an alternative, the Langmuir−Hinshelwood (L−H) kinetic model, provides a
better framework for simulating the ethylbenzene ODH process. The mechanism is applicable in
ethylbenzene ODH on CNT catalysts as summarized in Scheme 1.2.102 L-H theory is very
similar to M-K theory except for two major differences in oxygen activation and reoxidation
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steps. Instead of reoxidizing the functional group directly, in L-H theory the oxygen molecules
are activated at the defects on the carbon surface to form reactive atomic oxygen species before
diffusing on the sp2 carbon basal planes to then reoxidize the reduced active nucleophilic sites.
Experimental isotopic effect studies have shown that hydrogen abstraction is the kinetic relevant
process in the CNT catalyzed EB ODH reaction thus being more consistent with L-H theory.102

Scheme 1.1 Mechanism of carbon-catalyzed ethylbenzene ODH reactions
according to the Langmuir Hinshelwood theory.
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1.3.4 Liquid phase modification of CNT
To date, CNT have been used for isopentane,109 n-butane,110-114 propane115-117 and ethane
ODH reactions.118,119 Some of the catalytic performances are promising in comparison to industrial
catalysts.110,120 Many of the methods to tune the chemical surface properties by controlling the type
and concentration of functional groups on CNT require liquid phase preparation, complex catalyst
synthesis, multiple-step catalyst purification, and adventitious element incorporation. Oxidative
acid treatments,119-116 have an added disadvantage of generating acidic carboxylic groups (O=CO) that are detrimental to reaction selectivity.121 While doping a small amount of heteroatoms
alters the surface electron density or reacts with deep oxidation sites to improve alkene selectivity
this still requires multi-step synthesis and purification.112,116-118,122 Reduction techniques such as
application of lithium aluminum hydride (LiAlH4)111 and Grignard reagent (C6H5CH2MgCl)113
reduce the electrophilic species on CNT in order to enhance basicity but are air and water intolerant.
These disadvantages lower the convenience and availability to utilize CNT modified catalysts into
use, especially at large scale.
Furthermore, identifying and characterizing the catalytic active sites of CNT is critical in
order to improve the conversion and selectivity for alkane ODH. In 2001 a functionalized CNT
was reported by Schlögl and co-workers.123 Nucleophilic ketonic carbonyl groups in ketones and
quinones have been identified as the active sites whereas electrophilic carboxylic and
peroxide/superoxide groups act as the deep oxidation sites. 102,107,110,111,118,123,124,126-129 Schlögl et
al. found that the ethylbenzene conversion and styrene selectivity have opposite correlations to
the total oxygen-containing group concentrations.123,126 Figueiredo et al. reports that the rates of
styrene production were related in first order to the ketonic carbonyl group concentration on an
activated carbon catalyst.127 While these reports adds insight into the activity of oxygen24

containing groups, the structure of the specific types of oxygen containing groups are not directly
correlated to their function.
1.3.5 Gas phase modification of CNT
In order to fill this gap, we aimed to design a synthesis method that allowed for control of
specific oxygen-containing functional groups that would be coupled with a gas phase reduction
method that could be generalizable to carbon based catalysts used in gas phase reactions. This
work is discussed in Chapter 5. Hydrogen peroxide oxidation allows for neutral surface
functionalization conditions with little residual waste.130 More importantly, H2O2 can generate a
higher concentration of basic functional groups (phenol (C-OH) and carbonyl (C=O)) on CNT
via hydroxyl radical functionalization.121,130-132 Instead of using a liquid based reduction method,
we hypothesized that H2 could be used as the reductant. H2 can reduce COOH to C-OH at
300 °C, which is supported by temperature-programmed reduction (TPR) and X-ray
photoelectron spectroscopy (XPS).133,134 Reduction methods with H2 has also been used for
healing defect sites on graphene oxide and activated carbon.128,135,136 However, the effect of
H2O2 functionalization combined with H2 reduction has not yet been demonstrated.
Our one-step, gas phase, green and simple hydrogen gas (H2) surface modification is
introduced after mild H2O2 functionalization. The surface modification by H2 converts
unselective electrophilic oxygen species to nucleophilic active sites on the CNT catalyst. The
final designed catalyst shows that ethylene selectivity significantly improves without sacrificing
ethane conversion due to the H2 reduction of COOH to C-OH. The concentrations and effects of
specific oxygen-containing functional groups are discussed in detail as well as the optimization
of the reaction for different temperatures and concentrations in Chapter 5.
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Chapter 2
2

Experimental
The characterization techniques applied in this dissertation are power x-ray diffraction

(XRD), thermal gravimetric analysis (TGA), nitrogen adsorption/desorption isotherms, fouriertransform infrared spectroscopy (FT-IR), Raman Spectroscopy, Transmission electron
microscopy coupled with energy dispersive X ray spectroscopy (TEM-EDX), X-ray
photoelectron spectroscopy (XPS), Iodometric titration and Temperature programmed desorption
(TPD). These techniques reveal the crystal structure, surface chemistry, porosity, morphology,
elemental composition of CNT and its derived materials, which is critical in this dissertation and
will be briefly introduced in this chapter.
2.1 Material Preparation
The sample preparation method in this dissertation is wet impregnation, which was
applied in both physical adsorbed and covalent bonded methods for the synthesis of CNT
supported amine materials using in CO2 capture. Oxidative functionalization of CNT is used for
introducing the oxygen-containing groups, which will be further used to covalent amine grafting
to CNT surface. Gas phase surface modification including annealing and hydrogenation at high
temperature are used to optimize the type and the amount of functional group on CNT in order to
improve the efficiency of catalyst in ODH reaction
2.2 CNT Materials Preparation
Two methods including physically adsorbed and covalently bonded methods were
employed in the CO2 adsorbents synthesis. The methodology for preparing CNT for ODH
consisted of two paragraphs in section 2.2.1 as an introduction below.
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2.2.1 Amine supported on CNT
For the physically adsorbed method, as-is CNTs were treated in one of three ways prior
to use according to previous methods detailed in the literature: (i) acid treated CNT (ACNT)
were refluxed in 5 M HNO3 at 100 °C for 3 h;1 (ii) base treated CNT (BCNT) were placed in a
Teflon autoclave with 3 M NaOH at 190 °C for 6 h;2 and (iii) purified CNT (PCNT) were stirred
at room temperature in 0.5 M NaOH for 24 h, rinsed with deionized water and then stirred in 0.5
M HCl for 24 h.3 All CNT were rinsed with deionized water and dried at 100 °C overnight in an
oven.
The amine functionalization of CNT supports was carried out via wet impregnation
methods.4 Wet impregnation method is a synthesis technique that is commonly used for
supported heterogenous catalyst or materials preparation. The support material is first dispersed
in the solution and sonicated until forming a uniform suspension. Then the reactive adsorbate
solution is added dropwise into the support suspension under vigorously stirring. The adsorbate
can be uniformly adsorbed on the surface and pore of the support via van de Waal force. Wet
impregnation method can maximize the adsorption of active chemical on the support and
improve the efficiency of the entire materials in the reaction.
Specifically for this application, a desired amount of amine was dissolved in EtOH and
sonicated, followed by stirring at 40 °C. CNT supports were then added into the solution and the
mixture was stirred at room temperature before evaporating the solvent by 80 °C. The resulting
solid product was dried at 100 °C in open air for 1 h and then transferred into a refrigerator at
8 °C for 5 min. The final product was removed from the refrigerator, carefully ground while still
cold, and then stored in a vacuum desiccator. The final products are denoted as XCNT-Y wt%
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PEI, where X indicates the purification method and Y wt% indicates the PEI loading in weight
percent.
For the covalently bonded method, to be specific, 1 g of CNT was pretreated with 60 mL
of HNO3 or HNO3/H2SO4 with various times, temperatures, and concentrations in order to
generate the most functional groups on o-CNT. A total of 400 mg o-CNT was dispersed in 2 mL
of DMF followed by 20 mL of SOCl2. The mixture was sonicated for 2 min and refluxed for 24 h
at 70 °C. The result mixture was centrifuged, and the yellow-brownish solvent was decanted and
then the wet solid was redispersed in 15 mL of DMF. The same process was repeated 3 times in
order to completely remove the residual SOCl2. Various amounts of PEI were dissolved into 2
mL of DMF and the solution was added to an acylation-modified CNT dispersion. The mixture
was vigorously stirred at 50 °C for 3−5 days to complete the amination. All the solvent,
byproduct, and residual reactants were removed by centrifuging, and then the raw product was
redispersed into deionized water for 1−2 days under vigorous stirring at 40 °C. The final product
was obtained by centrifuging and drying at 60 °C in the air.
2.2.2 CNT surface functionalization for catalysis
As purchased or “as is” CNT were treated in one of four ways prior to use according to
our previous methods: 1 g CNT were refluxed in 60 ml (i) 30 v/v% H2O2 (abbreviated as o-CNT
after oxidation and drying) at 65 °C for 24 h; (ii) 4M HNO3 at 100 °C for 24 h; (iii) 4M HCl at
40 °C for 24 h; (iv) 4M NaOH in a Teflon autoclave at 190 °C for 6 h.
After the treatment of CNT via different oxidants in liquid phase, the surface of CNT
needs to be further modified to optimize the type and concentration of functional groups for the
ODH reaction. Three surface modification methods are used including i) annealing, ii) H2
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modification and iii) annealing followed by the H2 modification. At high temperature, Annealing
CNT can burn out the most of functional groups especially for the electrophilic groups like
carboxylic group but many defects are left. H2 modification can convert the electrophilic group
(carboxylic) to nucleophilic group (phenolic), which will benefit the ODH reaction. Annealing
followed by H2 modification can burn out the functional groups but H2 can repair the defects left
on the CNT surface by forming C-H bond, which will remove the defect effect on ODH.
To be specific, all CNT were rinsed with deionized water until pH was 7 and dried at
100 °C overnight in an oven. Gas phase surface modification of o-CNT was conducted with a
heating rate of 5 °C min-1 which was varied as follows: i) for the annealing modification, 0.15 g
o-CNT was annealed under 50 ml min-1 N2 at 450, 550, 700 C for 5 h, the resulted catalysts were
denoted as 450A, 550A and 700A. ii) for the H2 modification, 0.15 g o-CNT was reduced
through 20 ml min-1 10% H2/N2 at the same temperatures, yielding 450H, 550H and 700H. iii)
for the annealing followed by the H2 modification, 0.15 g o-CNT was treated under i) followed
by ii), yielding 450AH, 550AH and 700AH, respectively.
2.3 Material Characterization
CNT is functionalized with various oxidants including nitric acid and hydrogen peroxide
to introduce oxygen-containing groups and applied in the amination, CO2 capture and catalytic
reactions. During this process, the elemental compositions, functional groups and surface
chemistry of are all under chemical changes and can be identified through various
characterization methods.
X-ray diffraction (XRD) is used for the identification of CNT crystal structure. Thermal
gravimetric analysis (TGA) is used for the quantification of surface functional groups loading on
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CNT. Nitrogen adsorption/desorption isotherms is used to study the surface chemistry and
porosity of CNT and their derived compound. Fourier-transform infrared spectroscopy (FTIR) is
used for the qualitive identification of surface functional group of CNT. Raman Spectroscopy is
used to detect the disorder carbon and defects on the CNT surface. Transmission electron
microscopy coupled with energy dispersive X ray spectroscopy (TEM-EDX) is used for the
elemental composition and morphology study. X-ray photoelectron spectroscopy (XPS) is used
to study the functional groups on CNT before and after surface modification. Iodometric titration
is used to quantify the electrophilic groups on CNT during the ODH reaction.
2.3.1 X-ray diffraction
A powder X-ray diffractometer (XRD, X'Pert Pro, PANalytical) with a Cu/Ka radiation
source (40 kV, 40 mA) was used to characterize the crystal structure of adsorbents and supports.
Powder X-ray diffraction (P-XRD) is a fast, non-destructive technique most widely used for the
identification of unknown crystalline materials (e.g. minerals, inorganic compounds).5,6
Determination of unknown solids is critical to studies in geology, environmental science,
material science, engineering and biology. P-XRD can also identify mixed phases while also
being effective for single phase identification in the crystal. The fraction of each phase can be
measured by the ratios between the intensity of peaks due to the unique properties of the
diffraction pattern. Different phases in the same chemical can have significantly distinct
diffraction patterns. This has been observed for the different chemical species in CNT.
2.3.1.1 The Bragg’s Law
Crystal structures are formed with regular arrays of atoms, and X-rays can be considered
waves of electromagnetic radiation. Atoms scatter X-ray waves, primarily through the atoms'
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electrons. This phenomenon is known as elastic scattering, and the electron is known as the
scatterer. A regular array of scatterers produces a regular array of spherical waves. Although
these waves cancel one another out in most directions through destructive interference, they add
constructively in a few specific directions, determined by Bragg's law (Eq. 2.1):7
Eq. 2.1

nλ=2d·sinθ
where,
d: lattice spacing, the shortest distance between two neighboring crystal planes.
n: integer = 1, 2, 3…..
λ: for elastic scattering, the incident and reflected beam have the same wavelength.
θ: the angle between the incident/reflected beam and the crystal plane.
2.3.1.2 Determination of crystalline size
The crystallite dimensions determine the individual peak width in the direction

perpendicular to the planes that produced the diffraction peak. Ordered crystals have very narrow
and sharp diffraction patterns, representing crystallite sizes below 100 nm. However, peak
broadening occurs due to incomplete destructive interference in scattering directions for
disordered crystals. Crystallites smaller than ~120 nm create broad diffraction peaks. Peak width
from the diffraction pattern can be used to quantify the average crystallite size of nanoparticles
using the Scherrer formula as follows (Eq. 2.2):8,9
Eq. 2.2

L = Kλ/βcosθ
Where,
L: Crystallite size
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β: peak width in radians line broadening at half the maximum intensity (FWHM), after
subtracting the instrumental line broadening
λ: X-ray wavelength
θ: Bragg angle
K: Scherrer constant (proportionality constant)
These equations and theory were used to determine the carbon features according to XRD in
both the CO2 adsorption materials and the ODH catalysts.
2.3.2 Thermal gravimetric analysis
Thermogravimetric analysis (TGA) is a technique of thermal analysis that measures the
relationship between the mass of a sample over time correlated to changes in temperature.10 A
thermogravimetric analyzer is the key part for the instrument and can continuously record the
change of mass in relation to the temperature change of a sample over time. Generally, three
factors including temperature, mass, and time are fundamental in the analysis. Additional
measurements including differential scanning calorimetry (DSC)11 and derivative
thermogravimetry (DTG) are based on this.12 The technique can provide information about phase
transitions, gas adsorption and desorption, chemisorption, redox reactions of gas-material
interactions and thermal decomposition.
2.3.2.1 TGA Experimental Details
In this dissertation, TGA is used to identify the oxygen-containing group and quantify the
amine loading on the CNT surface under inert atmosphere. A sample is placed in an inert pan
and heated inside a furnace using the desired temperature program. Different oxygen-containing
groups decompose and amine groups evaporate from the surface at certain temperatures over
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time and can be identified through the change in mass. The rate of mass loss can be recorded by
a DTG curve in order to identify the temperature related to the maximum mass loss. DSC is used
for the detection of exothermal or endothermal process in each step of mass loss. PEI loadings
were measured using differential thermal gravimetric (DTG) analysis (STA 409 PC, Netzsch)
under a helium atmosphere over a temperature range from 25 to 600 °C, with a heating rate of
10 °C min-1.
2.3.3 N2 adsorption isotherms and Brunauer Emmett Teller theory
The surface area and pore volume were determined by N2 adsorption/desorption
isotherms at -195 °C using a surface area and porosity analyzer (TriStar II 3020, Micromeritics).
Specifically for this project 150-200 mg samples were degassed at 80 °C overnight under N2
atmosphere. Surface areas were calculated by the Brunauer–Emmett–Teller (BET) method and
pore volumes were calculated by Barrett–Joyner–Halenda (BJH) adsorption method. Pore sizes
were calculated by Barrett–Joyner–Halenda (BJH) desorption method.
2.3.3.1 Brunauer-Emmett-Teller Theory
Brunauer-Emmett-Teller (BET) theory is the extension of Langmuir theory,13 which
describes the behavior of monolayer molecular adsorption.14 BET theory can be employed to
explain the behavior of a multilayer of gas adsorption on a solid surface and plays an important
role as an analysis technique in surface area measurements for solid state materials. Inert probing
gas, for example nitrogen, is usually used as adsorbates for the quantification of specific surface
area. BET analysis is usually conducted with liquid nitrogen (77 K) after the pretreatment sample
has been treated under high temperature to remove H2O. The following five hypotheses should
be applied before using BET theory.
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1. Gas molecules physically adsorb on a solid in layers infinitely.
2. Gas molecules only interact with adjacent layers
3. The Langmuir theory can be applied to each layer.
4. The enthalpy of adsorption for the first layer is constant and greater than the second (and
higher).
5. The enthalpy of adsorption for the second (and higher) layers is the same as the enthalpy of
liquefaction.
The BET equation (Eq. 2.3) is
1/v[(p0/p)-1] = p(c-1)/p0vmc + 1/vmc

Eq. 2.3

where p and p0 are the equilibrium and the saturation pressure of adsorbates at the temperature of
adsorption, v is the adsorbed gas quantity (for example, in volume units), and vm is the monolayer
adsorbed gas quantity. c is the BET constant, which can be obtained by Eq. 2.4
c = exp [(E1-EL)/RT]

Eq. 2.4

where E1 is the heat of adsorption for the first layer, and EL is that for the second and higher layers
and is equal to the heat of liquefaction or heat of vaporization.
BJH theory is the method developed by Barrett, Joyner, and Halenda.15 This theory is used for
calculating pore size distributions from experimental isotherms using the Kelvin model of pore
filling. It can be applied only to materials with mesopore and small macropore pore structures.
2.3.3.2 Experimental Details
The surface area and pore volume were determined by N2 adsorption/desorption
isotherms at -195 °C using a surface area and porosity analyzer (TriStar II 3020, Micromeritics).
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Specifically for this project 150-200 mg samples were degassed at 80 °C overnight under N2
atmosphere. Surface areas were calculated by the Brunauer–Emmett–Teller (BET) method and
pore volumes were calculated by Barrett–Joyner–Halenda (BJH) adsorption method. Pore sizes
were calculated by Barrett–Joyner–Halenda (BJH) desorption method.
2.3.4 Fourier Transform Infrared spectroscopy and Raman spectroscopy
Fourier Transform Infrared (FT-IR) spectroscopy (Nicolet 6700, Thermo Scientific) from
500-2000 cm-1 was used for functional group characterization. The graphitization of CNT was
evaluated via Raman spectroscopy (Renishaw) with 785 nm laser excitation.
2.3.4.1 Fourier-transform infrared spectroscopy
Fourier-transform infrared spectroscopy (FTIR) is a characterization technique used to
collect an infrared spectrum of absorption or emission of a solid, liquid, or gas from molecular
bond vibrations.16 It is based on the theory that Fourier transform can be obtained by the
conversion of the raw data into a spectrum of the signal at a series of discrete wavelengths.17 It
measures the adsorption of amount of light at each wavelength. An FTIR spectrometer
simultaneously collects high-spectral-resolution data over a wide spectral range.
FT-IR is commonly employed to identify the surface functional groups of CNT. To
determine the success of surface modification of CNT, it is expedient to compare the spectra
between functionalized and non-functionalized CNT based on the appearance and disappearance
of specific peaks. Because FT-IR is a quick and non-destructive characterization technique, it has
been commonly used for the determination of functional groups and chemical bonds. However,
the quality is usually not adequate with the various background features and low signal-to-noise
ratios especially for CNT. This is due to the fact that CNT has strong electronic adsorption and
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the light scattering effects. Therefore, in order to minimize uneven light scattering, the sample
should be diluted so as to obtain the smallest possible size of particle. Potassium bromide (KBr)
is used for the sample dilution.18 The resulted mixed is further pressed into pellets in order to
avoid the ion exchange between KBr and CNT. The functional groups in relation to the
wavenumber is shown in Table 2.1.
Table 2.1 The wavenumber of functional groups on CNT surface.19
Functional group
C–O stretch of ethers
Ether bridge between rings
Cyclic ethers containing COCOC groups
Alcohols
C–OH stretch
O–H bend/stretch
Carbonates; carboxyl-carbonates
Lactones
Anhydrides
Ketones (CCO)
C–H stretch
C–N stretch
Aromatic CC stretch
N–H
Amines oscillation and stretch
CNTs backbone
Conjugated CO stretch
Amide CO
S–H
COOH
CN
–SO3−
Benzene ring

Wavenumber (cm−1)
1000–1300
1230–1250
1025–1141
1049–1276, 3200–3640
1000–1220
1160–1200, 2500–3620
1100–1500,1590–1600
1160–1370, 1675–1790
980–1300, 1740–1880
2080–2200
2600–3000
1060–1250
1550–1650
1650–1580
1640 and 1728
1554
1677
1650
2200
1025, 1182, 1727, 3428
1570, 1639
1190, 1044
1011, 1130

2.3.4.2 Raman Spectroscopy
Raman spectroscopy is a characterization technique used for the identification of
molecular vibrational modes, other modes including rotational and other low-frequency modes of
47

systems can also be detected.20 It is mainly based on the inelastic scattering of photons (Raman
scattering) including, Rayleigh, Stokes, and Anti-Stokes scattering. Monochromatic light and xrays are a common laser source, which can interact with molecules and cause the photon
vibrations and other excitations. As a result, the photon energy can be shifted to a higher or
lower energy level and the energy shift can provide the structural fingerprint.21
Raman spectroscopy is complementary to FT-IR since some molecular vibrations cannot
be identified by IR but can be very significant in Raman.19 It is widely used, therefore, for the
identification of the graphitization of carbon materials. For the Raman study of CNT, four bands
commonly show up in the spectrum including D, G, D’ and G’. The intensity of D and G bands
are strong and often centered at ~1320 and ~1590 cm-1, respectively.22,23 D’ and G’(G’ = 2D)
bands are usually in the range of 1000 – 2000 cm-1.24 The D and D’ bands (A1g symmetry) are
ascribed to the Raman double resonant scattering generated from amorphous disorder of carbon
lattice and defects on the CNT surface. G band (E2g symmetry) is attributed to the sp2 carbon
structure.25 Therefore, the graphitization or amorphicity of CNT can be determined by the ratio
of the intensity of D and G band (D/G). Higher values indicate the well aligned graphitic carbon
atoms in CNT.
2.3.5 Transmission electron microscopy and energy dispersive X ray spectroscopy
Transmission electron microscopy (TEM) is a technique that can provide a highresolution, dark and white, two-dimensional images from the interaction between samples and
energetic electrons in the high vacuum environment.26 The sample for the TEM analysis is called
specimen, which is usually an ultrathin layer (<100 nm) or a suspension placed on a grid. Before
the analysis, air must be pumped out of the chamber and column in order to create a vacuum
environment so that electrons can move.27 The electron beam is generated from electron source
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or cathode, which is tungsten filament (needle) or a single crystal lanthanum hexaboride (LaB6)
source connected to the high voltage source in order to generate a sufficient current.28 Then the
electron beam is focused by multiple solenoids (electromagnetic lenses) which are the tube
wrapped with copper coil. The focused electron beam then passes through the column and
transmit to the specimen and projected on the screen where the electrons are converted to light to
provide an image. The image can be controlled through the adjustment of voltage of electron
source in order to manipulate the speed of electrons via the solenoids.29 TEM is widely used in
both academic and industrial fields including materials science, environmental pollution,
nanotoxicology, semiconductor, pharmacy and so forth.
Energy Dispersive X-Ray Spectroscopy (EDX or EDS) is an elemental analysis couple
with microscopy including scanning or transmission electron microscopy. X-rays is generated
through the bombardment by an electron beam and further detected by EDX technique.30
Different from another surface sensitive technique of elemental analysis, XPS, EDX is bulk
sensitive and can characterize the sample based on the analyzed volume.31 Electrons are emitted
from the sample atoms after the sample is bombarded by an electron beam and the vacancies are
left and then filled by the higher state electrons, which generate x-ray to balance the difference
between the two energy states. Then the abundance of elemental composition can be
characterized according to their unique x-ray energy.32
In this dissertation, elemental qualitative analysis was performed with TEM (Tecnai G2
F20 FEI) coupled with energy dispersive X-ray (TEM/EDX) spectroscopy. Transmission
electron microscopy was also used for the study of the size and morphology of the CNT before
and after amination. For the sample preparation, 1 mg CNT is dispersed in pure methanol and the
mixture is sonicated for 5 minutes in order to form a well dispersion. A small amount of mixture
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is placed on a nickel grid and dry in the air for 30 minutes before transferring to the vacuum
chamber via a sample carrier. The sample is analyzed in the bright field mode, which means a
dark sample with a bright background.
2.3.6 X-ray photoelectron spectroscopy
The functionalities of CNT were characterized by X-ray photoelectron spectroscopy
(XPS). XPS is a surface sensitive technique used for elemental composition identification,
valence state, and electronic state of materials.33,34 It can not only identify the single elements,
but also other elements that are bonded.35 The focus beam of X-rays is generated and irradiates
the target material to obtain the XPS spectra as well as specify the kinetic energy and the number
of electrons escaping from the top layer (< 6nm) of materials being analyzed mostly under high
vacuum conditions; high vacuum is defined as (P ~ 10−8 millibar) or ultra-high
vacuum (UHV; P < 10−9 millibar).36 The energy of x-rays with a certain wavelength are used to
irradiate the sample and the kinetic energies of emitted electrons can be measured. The binding
energy of each emitted electron can be calculated according to Ernest Rutherford formulation:37
Ebinding = Ephoton – (Ekinetic + ø)

Eq. 2.5

where Ebinding is the binding energy of the emitted electron, Ephoton is the energy of the X-ray
photons generated from the x-ray source, Ekinetic is the kinetic energy of the electron as measured
by the instrument and ø is the work function that can be adjusted via instrumental correction
factor, which is a constant and not required to be adjusted in practice.
XPS is useful for characterizing CNT since it can verify the presence, status, and the
amount of elements including oxygen, nitrogen, carbon functional groups, metals and other
impurities on CNT surface. In addition, the elemental composition near the surface region of
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CNT can be also quantified except for hydrogen atoms due to its surface sensitivity. Moreover,
the chemical environment information of elements can be also provided based on the peak fitting
from the spectra envelopes.19 The specific information of the relationship between functional
groups on CNT and binding energies are listed in Table 2.2.
Table 2.2 The binding energies of functional group on CNT surface.19
Atom

C 1s

N 1s

O 1s

Functional group
Graphitic carbon
C-C
C=C
C=N
C-H
C-OH
C=O
COOH
π-π*
C-O
-COOPyridine
Nitrile
Amide
Amine
Lactam
Pyrrole
Graphitic nitrogen
Pyridine-N-oxide
C=O
C-O
O-COO
C-OH
Anhydride or H-bonded ketone
Chemisorbed water
Adsorbed oxygen
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Binding energy (eV)
284.5
284.6
284.7
286
285.2
285.2 - 285.8
286.8
288.9-289.1
291.0 - 292.0
286.7
288.3
398.6
399
399.7
399.8
400.1
400.3
401.2 - 401.8
402.0 - 405.0
531.3
533
534.4
532.8
533.3
535.9
537.6

2.3.6.1 XPS Experimental Details
XPS was performed with a Surface Science SSX-100 X-ray photoelectron spectrometer
(Service Physics), with a monochromatic Al Kα source (1486.7 eV) and a hemispherical
analyzer. Narrow scans were recorded with a spot size: 800 μm × 800 μm, resolution: 4 (nominal
pass energy 100 eV), number of scans: 40, and step size: f 0.035 eV. All the peaks were
calibrated with respect to the C (1s) graphitic peak in the narrow scan to 284.4 eV binding
energy. Peak fitting was performed using CASAXPS software.
2.3.7 Iodometric titration
Iodometric titration was used to quantitatively obtain the functional group density of
electrophilic oxygen species on the surface of the functionalized CNT catalyst. This was
accomplished by converting solid phase peroxides into liquid phase peroxides. The liquid phase
peroxide concentration was then determined by titration. We performed this study under the
assumption that the electrophilic oxygen groups mainly consisted of peroxides and superoxides,
which are known to be capable of oxidizing aqueous I- into I2 (Eq. 2.5).38,39
During titration, I2 in the filtrate was reduced back to I-. This can be observed as the
solution becomes clearer. This reaction is restated in Eq. 2.6.38,39 Due to our small sample size
and the resulting subtle, slow color change that occurred, we used an electric titrator and a saturated
calomel electrode to measure voltage change during the reduction. We then developed a MatLab
program to view the data and find equivalence points, which were used to calculate the functional
group density using Eq. 2.7.38,39
O22- + 2H2SO4 + 2KI → O2- + I2 + H2O + 2KHSO4

Eq. 2.5

I2 + 2Na2S2O3 → 2Na2S4O6 + 2NaI

Eq. 2.6
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C (electrophilic groups) = 2 × 10-6 V∙m-1

Eq. 2.7

Where C was the concentration of electrophilic groups on the catalyst (mol∙g-1), V was the
Na2S2O3 solution consumption (ml), and m was the amount of CNT for titration (g).
2.3.7.1 Experimental Details for Iodometric Titration
To be specific, aliquots of 16.6μL KI solution (100 g/L), 8.3μL H2SO4 (0.5 mol/L), 3 drops
of (NH4)6Mo7O24 (30g/L), and 1.0 mL of H2O were added to a 5 mg sample of CNT catalyst. This
mixture was sonicated in the dark at 25℃ for 30 minutes. During this process, the KI is oxidized
to I2 and the surface peroxides are reduced into O2-. This can be observed as the mixture becomes
orange over time due to the I2. The full reaction is shown in Eq 2.5. After sonication, mixture is
immediately filtered and washed 6 times. Filtrate was then immediately titrated with Na2S4O6.
2.4 Analysis of materials in gas adsorption and catalysis
2.4.1 CO2 adsorption/desorption
2.4.1.1. Temperature programmed desorption
Temperature-programmed desorption is the technique of identifying desorbed molecules
from the surface as the surface is heated. Molecules tend to adsorb onto the surface and form a
bond with the surface to minimize the energy. When is the surface is heated, extra energy can
transfer to the adsorbed molecules and result in desorption. For the CNT study, the functional
groups on the CNT surface can decompose and be released as gas phase molecules at a desired
temperature which can be recorded through a thermalgravimetric analyzer coupled with a mass
spectrometer (MS). Oxygen-containing groups including ketonic, carbonyl, quinone, phenol and
carboxylic acid groups have their specific decomposition temperatures. The product of the
decomposition of these groups can be species including H2O, CO and CO2. The quantification of
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these groups can be achieved using mass spectrometer analysis based on the mass over charge
(m/z) ratio. The concentration of these gas phase products can be achieved via deconvolution of
the obtained desorption peaks.
2.4.1.2 Experimental Details
CO2 adsorption was performed by a combination of flow reactor system with a
temperature-controlled furnace (SC12.5R, Mellen Company) and a benchtop mass spectrometer
(Cirrus 2, MKS Instruments) under nitrogen over a temperature range from 80 to 580 °C, with a
heating rate of 4 °Cmin−1. The experiment was conducted in a column flow reactor system. A
desired amount (80 - 176 mg) of adsorbent was placed into a quartz glass column (1.35 cm inner
diameter) with a range of adsorbent packing heights (0.16 - 1.28 cm). The packed column was
then inserted into a temperature-controlled furnace (SC12.5R, Mellen Company). Figure S3.1
diagrams the system setup for CO2 adsorption, which is similar to a published study.40 A mass
flow controller (MKS Instruments) was used for the inlet flow control. A manual bubble flow
meter was setup at the end of system for outlet flow monitoring. Prior to CO2 adsorption
measurements, the adsorbents were pretreated under N2 flow of 40 mL min-1 at 110 °C for 90
min. The whole system was then cooled down to 70 °C before introducing CO2 at a flow rate of
10 mL min-1. The mass spectrometer was connected to the flow path to measure the N2 and CO2
partial pressures. CO2 concentration (%) was calculated as the ratio of CO2 partial pressure to the
total pressure. CO2 adsorption capacity was calculated using Eq. 2.841
qc =

1
M

t

c -c

i e
dt�
�∫0 Q 1-c
e

T0 +273 1

Eq. 2.8

T+273 Vm

where qc denotes the CO2 adsorption capacity (mmol g-1); M is the adsorbent mass (g); Q is the
total gas flow rate (cm3 min-1), which is set at 50 cm3 min-1 in this study; ci and ce are influent
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and effluent CO2 volume fraction (vol%); t is CO2 adsorption time (min); T0 is kept at 0 °C, and
T is the temperature of the heating mantle °C) of the reactor; Vm is 22.4 ml mmol-1. The effect
of temperature on CO2 adsorption of CNT–LPEI was measured at temperatures ranging from
30–90 °C. The effect of CO2 concentration on CO2 adsorption by CNT–LPEI was also evaluated
at concentrations ranging from 3–20 vol%.
2.4.2 Material Stability
To investigate the effect of moisture on the adsorption capacity of CO2, water vapor was
introduced into the gas stream (20 vol% CO2) through a water saturator. DI water introduced via
a bubbler at room temperature to yield 3 vol% vapor concentration in the gas mixture. The
following CO2 adsorption measurement was the same as reported in CO2 adsorption
measurement section.
Briefly, one CO2 molecule is captured by two amine groups and form a carbamates in dry
conditions (Eq. 2.9 - 2.10).42 In steam conditions, one CO2 molecule is captured by only one amine
group and forms bicarbonate (Eq. 2.11 - 2.13).43,44 Besides primary and secondary amines, tertiary
amines can also capture CO2 in steam conditions (Eq. 2.13). Therefore, compared to dry
conditions, CO2 capture should be enhanced with steam.
CO2 capture in dry conditions
(1) Primary amine:
2 R1NH2 + CO2

R1NH3+R1NHCOO-

Eq. 2.9

(2) Secondary amine:
2 R1R2NH + CO2

R1R2NH2+R1R2NCOO-

CO2 capture in steam conditions
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Eq. 2.10

(3) Primary amine:
R1NH2 + CO2 + H2O

R1NH3+HCO3-

Eq. 2.11

(4) Secondary amine:
R1R2NH + CO2 + H2O

R1R2NH2+HCO3-

Eq. 2.12

(5) Tertiary amine:
R1R2R3N + CO2 + H2O

R1R2R3NH+HCO3

Eq. 2.13

The stability of physically and covalently bonded PEI was evaluated by CO2 capture in
the both dry and steam conditions, and the reactions were run in 11 cycles. The loading of PEI
was characterized by TGA. In order to investigate the chemical stability of PEI in the dry and
steam conditions of the flow reactor system, 0.5 g of commercial PEI was put into the 50 mL
round bottom flask connected with a Schlenk line. The flask was purged by a vacuum followed
by N2 for 30 min each 3 times and refilled with N2 to remove O2. 1 g of H2O or 0.5 g of CNT
was added with PEI before vacuum, depending on the treatment. Generally, PEI was treated for
24 h under multiple conditions including only N2, N2 with H2O (N2 + H2O) and N2 with both
H2O and CNT (N2 + H2O + CNT) respectively at 120 °C. The resulting PEI samples were
collected and dissolved respectively into deuterium oxide (D2O, Cambridge Isotope
Laboratories, D, 99.9%) for 13C NMR and ethanol for FT-IR characterizations.
2.4.3 Catalyst performance
Catalyst performance was conducted and analyzed via a column flow reactor coupled
with an in-line gas chromatography-mass spectrometry detector (GC-MS), (Shimadzu QP 2010
SE) equipped with a thermal conductivity detector (TCD).
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2.4.3.1 Gas chromatography–mass spectrometry
Gas chromatography–mass spectrometry (GC-MS) is an analytical technique with the
combination of gas-chromatography and mass spectrometry features.45 It is widely used for
unknown chemical identification. Gas chromatography (GC) employs a capillary column with
various dimensions (diameter, length and film thickness). Different compositions in sample
mixtures can be separated in the column due to their relative affinity with the stationary phase of
the column and thus they can be eluted from the column at different times, known as retention
times. Then each composition can be separately captured, ionized, accelerated, deflected and
detected by the downstream mass spectrometer.46 The identification of compounds can be
achieved through the analysis of ionized fragments according to their mass to charge ratio (m/z).
Two types of detector are commonly used in GC, thermal conductivity detector (TCD) and flame
ionization detector (FID).
A TCD contains two parallel tubes both with gas and heating coils. It works to identify
gases based on the comparison of heat loss rate from the heating coils into the gas.47 Normally
the reference gas and the sample gas flow through different tubes, respectively. Under this
setting, the fluctuation in the thermal conductivity of the sample can be detected and be
compared with a reference flow of carrier gas. Hydrogen and helium usually have much higher
thermal conductivity compared to most chemicals. Therefore, the thermal conductivity can be
reduced to generate a detectable signal after a sample elutes from the column. Due to safety
concerns, helium is commonly used as the reference carrier gas for TCD applications.47 TCD is
mainly used for the detection of permanent gases but it is also good general propose detector for
studies on unknown samples because it responds to all the chemicals due to their different
thermal conductivity related to helium. FID works on sample identification based on the
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combustion of organic matters in a hydrogen flame.48 This process generates ions that can be
detected by the detector. The number of ions is proportional to the amount of organic matters in
the gas flow. It has a good resolution and peak is very sharp. It can be only used to detect
samples with hydrogen carbon bonds.48
2.4.3.2 Experimental Details
A small amount of catalyst (0.15 g) was placed into a fritted quartz glass column (1 cm
inner diameter). The packed column was then inserted into a temperature-controlled furnace
(Mellen) connected to a temperature controller (Omega CN7800). The catalystwas pretreated for
3 h before ODH with 4 vol% ethane (99.999%), 2 vol% O2 (99.99%), and 94 vol% N2 (99.98%)
with a total flow rate of 50 ml min-1. The GCMS/TCD was installed with Restek HAYSEP R and
Supelco Carboxen 1006 PLOT columns. Ethane conversions (X(C2H6)), ethylene selectivity
(S(C2H4)) and yield (Y(C2H4)) were calculated using a carbon mass balance outlined in the
following equations (Eq 2.14, Eq 2.15 and Eq 2.16):49

𝑋𝑋𝐶𝐶2 𝐻𝐻6 (%) =
𝑆𝑆𝐶𝐶2 𝐻𝐻4 (%) =

𝐶𝐶𝐶𝐶2 +𝐶𝐶𝐶𝐶+2𝐶𝐶2 𝐻𝐻4
2𝐶𝐶2 𝐻𝐻6

2𝐶𝐶2 𝐻𝐻4

𝐶𝐶𝐶𝐶2 +𝐶𝐶𝐶𝐶+2𝐶𝐶2 𝐻𝐻4

Eq. 2.14

× 100

Eq. 2.15

× 100

Eq. 2.16

𝑌𝑌𝐶𝐶2 𝐻𝐻4 (%) = 𝑋𝑋𝐶𝐶2 𝐻𝐻6 (%) × 𝑆𝑆𝐶𝐶2 𝐻𝐻4 (%)

2.4.4 Catalyst stability test
In order to investigate the effect of various treatments on the stability of CNT catalyst,
the residual catalysts were measured before and after ODH reaction. The original catalyst used in
the reaction was 150 mg. After surface modification and before O2 pretreatment, the mass of
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catalysts is reduced due to the functional group interconversion and dissociation. The mass
continued to change after O2 pretreatment due to the removal of impurities and functional group
generation.
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Abstract
Increasing atmospheric CO2 concentration has become cause for concern. The design of efficient
and stable solid amine adsorbents for CO2 capture is urgently needed. Polymeric amine modified
mutiwalled carbon nanotubes (CNT) are a promising material for meeting these goals. In this
study, linear polyethylenimine (LPEI) and branched polythylenimine (BPEI) were supported on
CNT and were further characterized and studied for reversible CO2 adsorption. The CO2
adsorption by BPEI (2.43 mmol/g) was higher than LPEI (1.89 mmol/g) when coated on CNT
supports. The CO2 adsorption by both was decreased by at least 15% upon treatment with 3 M
NaOH or 5 M HNO3. CO2 adsorption capacity was strongly dependent on the packing height of
the material in the column reactor. The desorption temperature was noticeably lower on CNTLPEI versus CNT-BPEI for complete CO2 removal. The stability study showed that CO2
adsorption of CNT-LPEI and CNT-BPEI decrease by 9.5% and 61.7%, respectively, after steam
treatment, indicating that LPEI was more stable under humid conditions.

63

3.1 Introduction
Atmospheric CO2 concentration has increased by 25.7% in the past fifty years due to the
increase in fossil fuel burning.1 In order to mitigate the detrimental effects of anthropogenic
climate change, researchers have focused on the technologies for efficient and selective CO2
capture.2 Solid amines bonded to high surface area supports including carbon based materials,3
metal oxides,4 zeolites,5 metal organic frameworks6 and polymers,7 are promising adsorbents
because they offer a low energy solution for regenerable, low cost, efficient and selective CO2
capture.8,9
Polymeric amines such as linear polyethyleneimine (LPEI) and branched
polyethyleneimine (BPEI) are the popular choice as amine sources for CO2 capture because of
higher amine group density compared to other amine-containing compounds.3,10 These polymers
are more stable in the adsorption and desorption cycles than the low-molecular-weight aminecontaining compounds.2 Impregnating amines onto porous supports favors high dispersion of
amines, which avoids amine agglomeration and thus increases exposure to CO2. The increased
exposure results in more efficient CO2 capture than is obtained with bulk amines. These
advantages make polymeric amines suitable for bonding to a support via an economical and
simple wet impregnation method.2
Carbon nanotubes (CNT) are an attractive material to support amines due to their large
surface area for adsorbate molecules11 and low cost.3 In addition, CNT perform well under flue
gas conditions based on its moisture insensitivity as well as chemical12 and thermal stability.13
These advantages make CNT an ideal support for polymeric amines. During the synthesis of
CNT, impurities such as residual metal and carbonaceous deposits have an adverse influence on
practical applications of CNT.14 These impurities also present a serious impediment for
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characterization.15 However, the influence of trace impurities on CO2 capture by amines is still
unclear. Therefore, further studies are necessary to address whether the purification of CNTs can
improve the CO2 capture capacity of the amines.
In recent years, much of the focus has been concentrated on the CO2 adsorption and
efficiency of BPEI. Many groups have investigated the effects on BPEI performance for CO2
adsorption and desorption of PEI loadings,3 reaction temperature,2-4 pressure,4 CO2
concentration,17,18 BPEI molecular weight,3 gas composition19 and humidity.20,21 Despite a few
key studies regarding the differences between LPEI and BPEI as CO2 capture adsorbents, the
CO2 capture performance comparison of these two materials remains vague.22,23 Li et al. showed
that BPEI achieved higher CO2 adsorption capacity versus LPEI supported on nano silica.22
However, the opposite result was reported by Zhang et al.23 The chemical and instrumental
factors and the seemingly contradictory results can be attributed to different reactor conditions
and packing methods. All of these factors may significantly alter the adsorbent exposure to CO2
and influence the CO2 capture efficiency. In order to better understand adsorbent behavior, it is
important to investigate the effect of reactor conditions on CO2 adsorption capacity.
For post-combustion CO2 capture, due to the wide range of temperatures and water
vapor concentrations, the thermal stability and responses to high humidity of adsorbents
are two critical factors that will significantly influence their efficiency and durability. Li et
al. showed that LPEI had higher thermal stability compared to BPEI in the CO2 adsorptiondesorption cycle.22 However, the effect of humidity on their performance is still unclear.
In this paper, we report three commonly-used methods for CNT purification before PEI
impregnation. We also have used a column flow reactor system and a Parr reactor system to test
the effect of CNT purification, reactor conditions and responses to high humidity of the
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synthesized materials. Altering the packing height allowed us to determine the effect of reactor
conditions on CO2 adsorption. The materials were subjected to steam treatment to evaluate their
stability.
3.2 Experimental
3.2.1 Materials
All chemicals were reagent grade or higher. Reagents purchased from Sigma Aldrich
include: branched polyethylenimine (BPEI, ethylenediamine end-capped, liquid, Mn ≈ 600 by
GPC), linear polyethylenimine (LPEI, powder, Mn ≈ 2500 by GPC). Reagents purchased from
Fisher Scientific include: nitric acid (HNO3, 70 wt%) and hydrochloric acid (HCl, 37% wt%).
As-is multi-walled carbon nanotubes (CNT 10-20 nm, > 95 wt%) were purchased from Cheap
Tubes Inc. Ethanol (EtOH, 200 proof) was purchased from Decon Laboratories. Sodium
hydroxide (NaOH, pellet) was purchased from Macron Fine ChemicalsTM.
3.2.2 Adsorbent preparation
As-is CNTs were treated in one of three ways prior to use according to previous
methods detailed in the literature: i) acid treated CNT (ACNT) were refluxed in 5 M
HNO3 at 100°C for 3 h;24 ii) base treated CNT (BCNT) were placed in a Teflon autoclave
with 3 M NaOH at 190°C for 6 h;25 and iii) purified CNT (PCNT) were stirred at room
temperature in 0.5 M NaOH for 24 h, rinsed with deionized water and then stirred in 0.5
M HCl for 24 h.26 All CNT were rinsed with deionized water and dried at 100 °C
overnight in an oven.
The amine functionalization of CNT supports was carried out via wet impregnation
methods.27 A desired amount of amine was dissolved in EtOH and sonicated, followed by
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stirring at 40°C. CNT supports were then added into the solution and the mixture was
stirred at room temperature before evaporating the solvent by 80 °C. The resulting solid
product was dried at 100 °C in open air for 1 h and then transferred into a refrigerator at 8
°C for 5 min. The final product was removed from the refrigerator, carefully ground while
still cold, and then stored in a vacuum desiccator.
The final products are denoted as XCNT-Ywt%PEI, where X indicates the purification
method and Ywt% indicates the PEI loading in weight percent.
3.2.3 Adsorbents characterization
A powder X-ray diffractometer (XRD, X’Pert Pro, PANalytical) with a Cu/Kα radiation
source (40 kV, 40 mA) was used to characterize the crystal structure of adsorbents and supports.
PEI loadings were measured using differential thermal gravimetric (DTG) analysis (STA 409
PC, Netzsch) under a helium atmosphere over a temperature range from 25 to 600 °C, with a
heating rate of 10° C/min. The surface area and pore volume were determined by N2
adsorption/desorption isotherms at -195 °C using a surface area and porosity analyzer (TriStar II
3020, Micromeritics). The samples were degassed at 80 °C overnight under N2 atmosphere.
Surface areas were calculated by the Brunauer−Emmett−Teller (BET) method and pore volumes
were calculated by Barrett-Joyner-Halenda (BJH) adsorption method. Fourier Transform Infrared
(FT-IR) spectroscopy (Nicolet 6700, Thermo Scientific) from 500-2000 cm-1 was used for
functional group characterization. Elemental qualitative analysis was performed with scanning
electron microscopy (S-FEG XL30 FEI) coupled with energy dispersive X-ray (SEM/EDX)
spectroscopy.

67

3.2.4 CO2 adsorption measurement
The experiment was conducted in a column flow reactor system. A desired amount
of adsorbent was placed into a quartz glass column (0.5 cm inner diameter) with a range of
adsorbent packing heights (0.16-1.28 cm). The packed column was then inserted into a
temperature-controlled furnace (SC12.5R, Mellen Company). Figure S3.1 diagrams the
system setup for CO2 adsorption, which is similar to a published study.9 A mass flow
controller (MKS Instruments) was used for the inlet flow control. A manual bubble flow
meter was setup in the end of system for outlet flow monitoring. Prior to CO2 adsorption
measurements, the adsorbents were pretreated under N2 flow of 40 mL/min at 110 °C for
90 min. The whole system was then cooled down to 70 °C before introducing CO2 at a flow
rate of 10 mL/min. A bench top mass spectrometer (Cirrus 2, MKS Instruments) was
connected to the flow path to measure the N2 and CO2 partial pressures. CO2 concentration
(%) was calculated as the ratio of CO2 partial pressure to the total pressure. CO2 adsorption
capacity was calculated using equation 3.128
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where qc denotes the CO2 adsorption capacity (mmol/g); M is the adsorbent mass (g); Q is
the total gas flow rate (cm3/min), which is set at 50 cm3/min in this study; ci and ce are
influent and effluent CO2 volume fraction (vol%); t is CO2 adsorption time (min); T0 is kept
at 0 °C, and T is the temperature of the heating mantle (°C) of the reactor; Vm is 22.4
ml/mmol.
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The effect of temperature on CO2 adsorption of CNT-LPEI was measured at
temperatures ranging from 30-90°C. The effect of CO2 concentration on CO2 adsorption
by CNT-LPEI was also evaluated at concentrations ranging from 3-20 vol%.
3.2.5 Materials stability and CO2 desorption
To examine the stability under humid conditions, adsorbents were treated under a
mixture of steam and helium in stainless steel Parr reactor vessels as adapted from the
literature.29 Two 10 mL beakers were filled with 200 mg of CNT loaded with 40 wt% of
LPEI or BPEI and then put into the reactor filled with 20 mL of DI water. The sealed
autoclaves were purged with helium and then heated to 105°C for 24 hours. When the
vessels were opened at room temperature, no liquid water was evident on the sample or the
sidewalls. The processed adsorbents were then dried at 80°C on a hot plate overnight before
further characterization and CO2 adsorption measurements.
To investigate the effect of moisture on the adsorption capacity of CO2, water vapor
was introduced into the gas stream (20 vol % CO2) through a water saturator. DI water was
heated in a bubbler to 65°C to yield 25 vol% vapor concentration in the gas mixture. The
following CO2 adsorption measurement was the same as reported in section 3.2.4.
CO2 desorption was evaluated by thermogravimetric analysis (TGA). First, CNT with
40% LPEI or BPEI loadings were pretreated under a 10 mL/min stream of pure CO2 at 70°C in
the flow reactor for 1 hour. 10 mg of the adsorbent were then transferred to the TGA. TGA
desorption studies were done by collecting mass loss curves from a linear temperature ramp from
20°C to 150°C, with a 1°C/min of heating rate under helium carrier gas.
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3.3 Results and discussion
3.3.1 Adsorbent characterization
A common method for characterizing PEI on CNT is through XRD analysis. The
CNT signal intensity is proportional to the XRD sample mass. The XRD profiles of
different masses of CNT (8.0, 6.4, 4.8 mg) and CNT-LPEI (20 and 40 wt% PEI loadings)
show the crystalline nature of CNT (Figure 3.1A). As a control, 8 mg of non-coated CNT
shows the strongest intensity signal. This is used as a reference for the LPEI impregnated
with CNT. The strong diffraction peak at 2θ = 26.1° and the weak diffraction peaks at 2θ
= 44.1°, 53.6°, and 78.0° of the adsorbents are indexed to the graphite (002), (100), (004)
and (110) lattice planes.3 Moreover, the intensity of the CNT signal drops after PEI
impregnation, indicating PEI presence.3,30 In previously published studies, results showed
that the intensity of the CNT diffraction signal was reduced by added PEI.3,30,31 However,
it is also well known that the CNT signal is linearly related to the mass of CNT, and PEI
is much more dense than CNT. As a result, XRD signals for CNT-PEI composites must
be calibrated based on normalization of the sample mass of CNT. A mass-intensity
correlation without the calibration of CNT mass yields only qualitative results for the PEI
loadings. In this work, a quantitative comparison of the intensity of CNT and CNT-PEI
containing the same mass of CNT yielded a linear reduction in CNT peak intensity with
increased PEI loadings. Specifically, the strongest diffraction peak at 2θ = 26.1° was used
to quantitatively evaluate the effect of PEI on the intensity of CNT, as shows in Figure
3.1B. Comparing CNT-40%LPEI with the same mass of non-coated CNT (4.8 mg) shows
that the XRD intensity of CNT-40%LPEI decreases by 32.3% when referenced to the
strongest diffraction peak. However, comparing CNT-20%LPEI with the same mass of
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non-coated CNT (6.4 mg) shows that the intensity of CNT-20%PEI only decreases by
12.9%. These results show that increasing PEI loadings on CNT correlates to a decrease
in the CNT signal.

Figure 3.1 XRD profiles of CNT (8.0, 6.4, 4.8 mg) and CNT-LPEI (20 and 40 wt% PEI
loadings). Inset is the calibrated curves normalized for the mass decrease of non-coated CNT and
PEI loadings.

The FT-IR profile of CNT-LPEI is shown in Figure 3.2. The CNT-LPEI spectrum shows
a peak at 687 cm-1 that is assigned to the LPEI N-H wag. The peaks at 806, 939, 1417, and 1516
cm-1 have been identified as the N-H bends in LPEI.32,33 The peak at 1128 cm-1 is also assigned
to the C-N stretch in LPEI.34 The physisorption of LPEI to the surface of CNT was also
characterized using SEM-EDX (Figure S3.3). A nitrogen peak at 0.41 kV in the PEI-CNT scans
indicates the presence of nitrogen in the material while the higher oxygen peak comes from the
hydroxyl group of LPEI. These peaks are not present in the bare CNT scans.
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Figure 3.2 FT-IR of CNT and CNT-LPEI.

TGA was used to characterize the PEI loadings. (Figure S3.4 includes a
characteristic TGA-DTG profile of CNT-40%LPEI.) The first mass loss, characteristic
desorption of H2O and CO2 (7.72%), appears before 100 °C. The second mass loss, from
the evaporation of impregnated LPEI (36.5%), occurs between 100-500°C. The maximum
mass loss rate in the first and second mass loss regions are at 85 and 354 °C, respectively.
After 120°C the LPEI begins to decompose more rapidly.
N2 adsorption/desorption isotherms were used to determine the surface areas and
pore volumes of CNT loaded with LPEI and BPEI. For both linear and branched types, an
increase in PEI loadings decreases CNT pore volume and surface area as shown in Figure
3.3. Similar decreases in pore volume and surface area have been seen in silica, alumina,
and mesoporous carbon-based adsorbents impregnated with PEI show a similar decrease in
pore volume and surface area18,35,36 as do other CNT materials, such as industrial grade
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multi-walled CNT.27 In addition, a comparison between LPEI- and BPEI-covered CNT
shows no significant differences between their pore volumes (Figure 3.3, Table S3.1).
The specific surface area and pore volume of the linear polymer by itself are only 0.0036
m2/g and 0.000919 cm3/g, respectively, (Table S3.1). Because BPEI is a liquid at room
temperature, the surface area and pore volume cannot be obtained from the instrument. In Figure
3.3, the specific surface area and pore volume trends are similar for CNT-LPEI and CNT-BPEI
and therefore, the surface area and pore volume of BPEI are hypothesized to be similar to LPEI.
PEI covers the surface and fills the pores of CNT. In general, the surface area and pore volume
of CNT-PEI is only from residual CNT. The polymer itself contributes nothing to the total
surface area and pore volume of the coated material. More CNT surfaces and pores are covered
and filled as the PEI loadings increases.
An interesting result is that the specific surface area and pore volume of CNT-LPEI
decreases rapidly before 20% PEI loading and then more slowly decreases from 20 to 35% and
decreases quickly after 35%. LPEI covers CNT surface and fill the pore faster than BPEI before
20% PEI loading. Further, LPEI prefers to be clustered rather than binding on CNT surface, so
that the trend is decelerated over the range of 20% to 40%. LPEI starts to cover the surface and
fill the pore volume again after 40% PEI loading, just as BPEI. From the BET study, the surface
area and pore volume of CNT are significantly reduced after it is impregnated with PEI,
indicating that the surface coating and pore filling of CNT possibly result in the XRD intensity
reduction.31
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Figure 3.3 N2 adsorption/desorption isotherms for A) surface area and B) pore volume of CNT
(diamond), CNT-BPEI (triangle) and CNT-LPEI (circle). The uncertainties are less than 10%.

Purification methods of CNT often affect the efficiency of CO2 adsorption. The specific
surface area and pore volume of CNT with different treatment methods are shown in Table 3.1.
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The 0.5 M NaOH and HCl and 3 M NaOH treatments do not change the surface area, but do
expand the pore volume of CNT. However, 5 M HNO3 treatment enhances the surface area by
27%, and the pore volume expands even more compared to the other two methods.
Table 3.1 N2 adsorption/desorption isotherms for surface area and pore volume
of CNT with different treatment methods. The uncertainties are less than 10%.
Material

Surface area (m2/g)

Pore volume (cm3/g)

CNT

122.6

0.555

PCNT

124.3

0.681

BCNT

123.6

0.66

ACNT

155.4

0.814

Following the wet impregnation method reported by Liu et al.,3 the product has a viscous
consistency at room temperature. The inclusion of a cooling stage (8 °C) during the synthesis
method37 creates more consistent and efficient PEI loadings (Figure S3.2). Upon cooling, the
solid CNT-PEI product turned from a tacky gel into a manageable solid, thus making it easier to
recover from the glassware and grind. The higher recovery of PEI from the glassware results in
higher PEI loadings as measured by the TGA than without the cooling stage.
3.3.2 CO2 adsorption
CO2 adsorption on PEI-CNT varies with PEI type and loadings. Figure 3.4 shows
CO2 adsorption capacities of CNT-LPEI and CNT-BPEI (20 vol% CO2 and 70°C) with
increased PEI loadings. Compared to bare CNT (0.13 mmol/g), Increased LPEI loadings
significantly increase CO2 adsorption. Specifically, as LPEI loading increases in the range
of 5-60 wt%, the uptake of CO2 increases from 0.30 mmol/g to the maximum 1.89 mmol/g
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at 40 wt% LPEI loading, and then decreases to 1.55 mmol/g. The trend is consistent with
literature results for Industrial grade CNT materials with BPEI.3
When the PEI loadings are low on CNT the coverage can be considered as homogeneous.
Separation of the PEI molecules from each other allows access by CO2 molecules to internal
amino sites on the polymer.35 However, at high PEI loadings, the increase in the number of these
molecules within the channel structure of CNT can block adsorption sites inside the CNT
walls.35 In our BET study, the surface area and pore volume of material are close to zero as PEI
loadings increases to 45 wt%, indicating that multiple PEI layers have been deposited and
significantly block adsorption sides. This leads to a decrease in CO2 adsorption at PEI loadings
higher than 40 wt%.

Figure 3.4 CO2 adsorption of CNT-LPEI and CNT-BPEI plotted against
various LPEI loadings with a standard packing height of 1.28 cm.

The effect of linear versus branched PEI chains on CO2 adsorption was tested for
selected samples. CO2 adsorption values for CNT-LPEI and CNT-BPEI samples at 10, 25
and 40 wt% PEI loadings are shown in Figure 3.4. Generally, the CO2 adsorptions of CNT76

LPEI are all at least 30% lower than CNT-BPEI. This is interesting given that BPEI has a
lower number of theoretically available amino groups than LPEI at the same weight. LPEI
has only secondary amino groups, whereas BPEI contains primary, secondary and tertiary
amino groups in a ratio of about 44:33:23.38 However, only the secondary and primary
amines are active for CO2 capture under dry conditions.4,39 The observed higher CO2
adsorption for CNT-BPEI versus CNT-LPEI at 70 ºC is partially due to the higher
adsorption and desorption enthalpy of BPEI than LPEI.23,40 In addition, CO2 desorption of
LPEI is faster than BPEI at 70 C, which partially offsets the adsorption process.23
The pre-treatment of the CNT with either 5 M HNO3 or 3 M NaOH lead to lower
CO2 adsorption values (treatments denoted as specified in Section 3.2.2). No significant
change was observed in the 0.5 M NaOH and HCl pretreatment. (See experimental for
details.) The results are shown in Table 3.2. The order of CO2 adsorption of LPEI is CNT
≈ PCNT > BCNT > ACNT whereas for BPEI is CNT ≈ PCNT > ACNT > BCNT.
The 0.5 M NaOH and HCl purification of CNT does not have a significant effect on CO2
adsorption, which agrees with previous studies of amine modified CNT, since CNT is chemically
stable in dilute acid and base.27 The result indicates the negligible effect of CNT impurities on
CO2 adsorption. Thus no further purification is needed to improve CO2 adsorption, which is good
for low cost manufacturing of these materials. The CO2 adsorption of BCNT-LPEI and BCNTBPEI decreased by 15% and 43% respectively. This is likely due to hydroxyl oxygen atoms on
the CNT surface coordinating to the hydrogen atom of various amino groups of PEI via
hydrogen bonding. This would reduce the activity of amine groups for CO2 binding.41 The active
sites of BPEI are mainly primary amines located on the ends of the molecule. These are easy
candidates for intermolecular interactions and thus we see a larger loss in activity. The tertiary
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amines of BPEI already lack CO2 capture capabilities whereas all secondary amines are
homogeneously distributed in LPEI. The CO2 adsorption of ACNT-LPEI and ACNT-BPEI also
decreased. The decrease was likely caused by protonation of PEI amino groups by carboxylic
acid groups generated by the nitric acid on the surface of the CNT.
Table 3.2 Comparison of the pre-treatment of CNT supports for LPEI and BPEI impregnation.
CNT Pretreatment

PEI loading (%)

CO2 adsorption-LPEI
(mmol/g)

CO2 adsorption-BPEI
(mmol/g)

CNT

40

1.89 ± 0.01

2.43 ± 0.04

PCNT

40

1.93 ± 0.17

2.42 ± 0.03

BCNT

40

1.60 ± 0.05

1.38 ± 0.06

ACNT

40

1.15 ± 0.00

1.76 ± 0.03

3.3.3 Temperature and concentration effects
A temperature study was conducted to determine how temperature affects CO2
uptake using CNT-40wt%LPEI at 20 vol% CO2. The optimal temperature for CO2
adsorption was 70 °C (Figure 3.5). In addition, CO2 adsorption increased slowly at
temperatures below 70 °C but decreased sharply at higher temperatures. This is consistent
with silica supported LPEI, for which it has also been shown that the highest CO2 uptake
appears at 70 °C.23,42
The observed temperature dependence below 70 °C can be considered as a kinetic
effect rather than a thermodynamic effect, since the reaction between CO2 and amino
groups is exothermic.43,44 Higher temperatures promote higher mobility, which increases
the access of CO2 to adsorbent regions that are not easily accessible at low temperatures.35
Additionally, faster reaction kinetics between CO2 and amino groups are also obtained at
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high temperatures. On the other hand, the increase in CO2 adsorption capacity with
temperature can be attributed to an expansion of PEI aggregates within the pores of
CNT40wt%LPEI.45,46 At low temperature, only the external active sites of PEI can be
accessible to CO2 molecules due to PEI deposited inside the channels as nanoparticles. In
contrast, PEI expands occupying all the available surface in the pores at high temperature
thus becoming more accessible to CO2. At temperatures higher than 70 °C, the
thermodynamic effect is the principle factor for reactivity, and the exothermic reaction
between CO2 and amines shifts equilibrium to the desorption side, which reduces net CO2
adsorption.

Figure 3.5 CO2 adsorption of CNT-40wt%LPEI at different temperatures (standard error <
0.05).
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A concentration study was also conducted at 70 °C to determine the adsorption efficiency
in the case of low model flue gas concentrations. As shown in Figure 3.5, the CO2 adsorption
increased in a near exponential fashion as the concentration of CO2 increased from 3-20 vol%.
As the concentration of CO2 increases, the probability of adsorption process increases and thus
results in higher CO2 capture.18 Most industrial CO2 exhaust streams are generated in postcombustion processes, where the concentration of CO2 in the gas mixture ranges from 3-15
vol%.47
3.3.4 Desorption and stability
The CO2 desorption study was conducted using TGA and resulting curves are
shown in Figure 3.6. CO2 desorbs more quickly from CNT-LPEI than from CNT-BPEI,
requiring 60 minutes and 80 °C for CNT-LPEI, verses 80 minutes and a final temperature
of 100 °C to completely desorb CO2 from CNT-BPEI. These differences are another
example of the higher desorption enthalpy of BPEI compared to LPEI.23
The results from a steam treatment stability study are shown in Table 3.3. The
CO2 adsorptions of the CNT-PEI materials were tested before and after treatment. CO2
capture efficiencies of LPEI and BPEI impregnated into CNT decreased by 9.5% and
61.7% The loss of CO2 adsorption capacities of both CNT-LPEI and CNT-BPEI is due to
amine oxidative degradation. The amine species on PEI degrade into amide/imide species
under humid oxidative conditions at high temperature.41 The carbonyl groups of formed
amides/imides can lower the electron density of its adjacent nitrogen atom due to the
electron withdrawing property of the oxygen atom, decreasing the N-H group basicity.
The weakened N-H group in amide/imide species has lower affinity for CO2 compared to
the original amines.41 Moreover, the CO2 adsorption capacity of CNT-BPEI decreased
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drastically compared to CNT-LPEI. This may be partially due to the loss of BPEI loading
from CNT during steam treatment (Table 3.3). The increase of surface area and pore
volume of CNT-LPEI and CNT-BPEI after steam treatment may be due to the
reagglomeration of adsorbents that left more surface area and pore volume of CNT.

Figure 3.6 CO2 desorption of CNT-BPEI and CNT-LPEI.

We expected to see CO2 adsorption enhancement under humid conditions because water
can act as a proton transfer agent in the reaction between CO2 and amines.48 The ratio of CO2 to
amine must be 1:2 to form carbamates without water. However, the ratio changes to 1:1 to form
ammonium bicarbonate and carbonate in the presence of water.7,49 Moreover, BPEI adsorption of
CO2 will be enhanced to a greater degree than that for LPEI due to the activation of tertiary
amines on BPEI by water.50 In the humidity study, under 25 vol% steam, physically adsorbed
PEI detaches from CNT and dissolves in the steam. The brown solution condenses in the outlet
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of the flow reactor. Since both types of PEI are physically adsorbed on the CNT by impregnation
methods rather than forming a chemical bond, they are not stable during the vapor treatment.
Developing methods for chemically adsorbing PEI onto CNT materials in order to enhance the
response to humidity is one of the aims of our future work.
Table 3.3 CO2 adsorption of 40% PEI loading, surface area and pore volume before (left)
and after (right) steam treatment of the sorbents.
CO2 adsorption
(mmol/g)

PEI loading (%)

Surface area
(m2/g)

Pore volume
(cm3/g)

LPEI

1.89

1.71

40.4

40.0

16.0

19.8

0.15

0.19

BPEI

2.43

0.93

41.2

35.1

14.1

16.5

0.10

0.14

3.3.5 Packing effects in a flow reactor
Changes in the height of a loosely packed CNT sample caused a drastic difference
in the CO2 uptake, as shown in Figure 3.7. With a sample loading of 230 mg and a height
of 1.28 cm in the flow reactor at 70°C and 20 vol% CO2 influent concentration, the CNT40wt% BPEI and LPEI adsorb 2.43 and 1.81 mmol/g CO2, respectively. The CO2
adsorption hardly changed between heights 0.64-1.28 cm. However, as the reactor bed
height and the sample mass decreased, more CO2 was adsorbed. The highest adsorption
per gram occurs at the smallest sample amounts: 22 mg or ~0.16 cm of packed column
height adsorbed 6.18 and 6.78 mmol/g for BPEI and LPEI, respectively. This is the
highest CO2 adsorbed reported in the literature on any CNT-PEI material at atmospheric
pressure. A similar effect was also found on bare CNT whereas the CO2 adsorption of
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bare CNT increased from 0.13 to 0.39 mmol/g - an increase of three times in CO2
adsorbed as the packing height was decreased by a factor of eight.
The effect of adsorbent height in the flow reactor may be due to the accessibility of PEI
to CO2. With higher packed heights of 0.64-1.28 cm, gases flowing along the side-walls have
lower flow resistance than gases flowing through the center of the reactor. As a result, less PEI
contacts lead to lower CO2 capture in a given time (30 minutes) and an underestimated
adsorption rate. As the height of material decreases, both transport resistance and diffusion
limitations are reduced, which leads to more PEI exposed to CO2. We hypothesize that as the
height of the material decreases to a critical value, the CO2 capacity of the adsorbent can
approach the theoretical value. Therefore, it is critical to determine a reasonable packing height
of material for CO2 capture evaluation using column flow reactor system.

Figure 3.7 Height influence on CO2 adsorption of CNT-40wt%BPEI, CNT-40wt%LPEI and
CNT.
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3.4 Conclusions
Surface treatment and purification of CNT supports do not improve CO2 capture
by polymeric amines. Industrial grade CNTs are a suitable support for polymeric amines
without further treatment. This outcome should lower the material preparation cost. CNTLPEI exhibits better chemical stability than CNT-BPEI in steam, making it more suitable
for post-combustion CO2 capture. The CO2 adsorption capacity of CNT-PEI is drastically
improved as the packing height decreases, suggesting that the improvement of CO2
capture can be achieved by splitting a fixed amount of material into multiple thin layers to
reduce mass transport resistance and maximize the exposure of adsorbents to CO2. It is
also promising that using this method, the CO2 capture efficiency of heterogeneous
material is comparable to that of homogeneous material. The lower CO2 desorption
temperature of CNT-LPEI versus CNT-BPEI indicates that less energy is needed to
regenerate LPEI, which promises lower energy consumption. However, poor humidity
stability of both physically adsorbed LPEI and BPEI was observed in this study.
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3.6 Supplementary Information
S3.1 Flow Reactor design

Figure S3.1 Flow reactor system design and details for CO2 adsorption
S3.2 Material synthesis
The solubility differences of the two polymers create the need for a different method for
impregnation. BPEI can dissolve in cold ethanol in a short time (< 5 min). However, LPEI is
much slower (>20 min) and must be pretreated with a sonicator before heating at 40 °C. This
difference in solubility stems from the difference in molecular weight of LPEI (Mn = 2500) that
is higher than BPEI (Mn = 600), making it even more difficult to dissolve in polar solvents.
During the evaporating process, solvents must not evaporate too fast because PEI is very viscous
and will stick to the sidewalls of the beaker and cause the inefficient amine loadings. In order to
improve the loading and distribution of PEI on the CNT, the size of beaker should also be
carefully chosen. Oversized beaker provides too large basal area to be covered by CNT, the rest
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will be covered by PEI instead and thus lower the PEI loading. In turn, the beaker with too small
basal area causes an increase of height of CNT and thus decreases the homogeneity of
distribution of PEI.

Figure S3.2 The impact of cooling stage on the observed PEI loadings. PEI loadings from the
TGA increased because cooled amine is easily recovered from glassware.
Table S3.1 N2 adsorption/desorption isotherms for surface area and pore volume of CNT,
CNT-LPEI, CNT-BPEI and LPEI
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Material
CNT
CNT-BPEI
CNT-BPEI
CNT-BPEI
CNT-BPEI
CNT-BPEI
CNT-BPEI
CNT-BPEI
CNT-BPEI
CNT-LPEI
CNT-LPEI
CNT-LPEI
CNT-LPEI
CNT-LPEI
CNT-LPEI
CNT-LPEI
CNT-LPEI
LPEI

Amine Loading (%)
0
5
10
20
25
30
35
40
45
5
10
20
25
30
35
40
45
-

Surface Area (m2/g)
123
85
76
62
42
33
27
14
3
92
60
35
34
29
27
16
5
0.0036
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Pore Volume (cm3/g)
0.555
0.480
0.442
0.317
0.280
0.230
0.209
0.099
0.013
0.515
0.396
0.298
0.215
0.184
0.163
0.146
0.022
0.000919

Figure S3.3 EDX of A) CNT control and B) CNT-40 wt%LPEI

Figure S3.4 TGA-DTG profile of TGA profile of CNT-40%LPEI.
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Figure S3.5 TGA profile of CNT and CNT-LPEI with different PEI loadings.

Figure S3.6 DTG profile of CNT and CNT-LPEI with different PEI loadings.
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Table S3.1 N2 adsorption/desorption isotherms for surface area and pore volume of CNT,
CNT-LPEI, CNT-BPEI and LPEI
Amine
CNT
CNT-BPEI
CNT-BPEI
CNT-BPEI
CNT-BPEI
CNT-BPEI
CNT-BPEI
CNT-BPEI
CNT-BPEI
CNT-LPEI
CNT-LPEI
CNT-LPEI
CNT-LPEI
CNT-LPEI
CNT-LPEI
CNT-LPEI
CNT-LPEI
LPEI

Amine Loading (%)
0
5
10
20
25
30
35
40
45
5
10
20
25
30
35
40
45
-

Surface Area (m2/g)
123
85
76
62
42
33
27
14
3
92
60
35
34
29
27
16
5
0.0036

Pore Volume (cm3/g)
0.555
0.48
0.442
0.317
0.28
0.23
0.209
0.099
0.013
0.515
0.396
0.298
0.215
0.184
0.163
0.146
0.022
0.000919

S3.4. CO2 isotherm equation and data work up
CO2 adsorption isotherms are often reported keeping the mass of materials constant. The
breakthrough time and the area are not directly correlated to the CO2 adsorption capacity of
CNT-LPEI material in this study without taking into account the mass. For example, without
correcting for mass in equation 1, the adsorption area of CNT-46%LPEI and CNT-60%LPEI are
larger than CNT-40%LPEI. Maintaining a constant packing height (1.28 cm) is important to get
relative and accurate CO2 adsorption capacity between materials with different densities. Since
LPEI is much heavier than CNT, in order to maintain the packing height, a higher mass of CNTLPEI should be packed in the column compared to bare CNT or CNT with low PEI loading. It is
critical for the inlet and outlet flow rates to be similar. If they are different, then Eq. 3.1 cannot
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be used to calculate CO2 adsorption because total flow rate (Q) is not constant. The outlet flow
rate measured by a manual bubble flow meter can be and is often influenced by the packing
height. For example as the packing height increases above 1.28 cm, the outlet flow rate
decreases, which increases the breakthrough time and can cause an overestimation of CO2
adsorption capacity. In this way, a large amount of material often causes higher total CO2
adsorption. Keeping the height constant, as we have done, allows more accurate CO2 adsorption
capacity and doesn’t require a correction for density or mass transfer effects. The mass of the
materials at 1.28 cm and the net area of the uptake curves are shown in Table S3.2. After being
normalized by mass, the CO2 adsorption capacity of CNT-40%LPEI will be larger than CNT46%LPEI and CNT-60%LPEI. This trend is in agreement to what others have reported.
Table S3.2 CO2 adsorption net area based on CNT-LPEI mass with various PEI loadings
Material
Net area*
Mass of material (mg) at 1.28 cm
CNT
0.0069
93.2
CNT-5%LPEI
0.0177
123.2
CNT-10%LPEI
0.0260
131.3
CNT-15%LPEI
0.0620
211.2
CNT-20%LPEI
0.0787
205.1
CNT-25%LPEI
0.2144
226.1
CNT-35%LPEI
0.1298
168
CNT-40%LPEI
0.2466
229.7
CNT-45%LPEI
0.3412
394
CNT-60%LPEI
0.4076
478.4
*The area is calculated by according to Eq. 3.1 and normalized by a control using only the glass
reactor tube.
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Chapter 4
4

Steam Stable Covalently-Bonded Polyethyleneimine Modified Multiwall Carbon

Nanotubes for Carbon Dioxide Capture
Adapted from published article in: Energy & Fuels 2018, 32, 11701−11709
DOI: 10.1021/acs.energyfuels.8b02864
Zheng Zhou, Santosh K. Balijepalli, Anh H. T. Nguyen-Sorenson, Clifton M. Anderson, Justin L.
Park, Kara J. Stowers*
Abstract
The development of steam-stable materials suitable for sustainable CO2 capture in the postcombustion process is important for global CO2 reduction. In this study, covalently bonded
polyethyleneimine (PEI) modified multi-walled carbon nanotubes (CNT) were analyzed with
multiple characterization methods, while the covalent amide bonds were identified using X-ray
photoelectron spectroscopy. Analysis with multiple linear regression indicated that surface area
and total number of functional groups installed were the dominant factors that contributed to
covalent PEI loading. CO2 capture and stability of the material were evaluated under dry and
steam conditions. Under steam conditions the CO2 capture of the new materials improved by
14% compared to dry conditions, and the PEI loading and CNT surface chemistry remained
stable. In contrast, CO2 capture and PEI loading for physisorbed PEI-CNT decreased for steam
conditions compared to dry conditions. These results indicate that the synthesis of carbonbonded amine materials with high stability and sustainability under humid conditions can be
achieved.
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4.1 Introduction
The need to curb greenhouse gas emissions is critical to stabilizing sensitive ecosystems,
curtailing high incidence of extreme weather patterns, and minimizing sea-level rise. While fossil
fuels continue to be the most abundant source of energy, the strategy aimed at capturing or
decreasing waste gases from existing power plants generates much attention.1,2 Carbon dioxide
capture using an adsorbent can be achieved either at ambient or high pressures in the presence or
absence of water vapor and with high or low concentrations of CO2. Selection of the adsorbent
material requires an analysis of stability tuned to the type of capture process and regeneration to
be implemented.
The two most common regeneration techniques focus on varying the pressure and
temperature. Pressure swing adsorption (PSA) and vacuum swing adsorption (VSA) require
little capital investment and are minimally destructive to the materials. However, there is often
an extra cost associated with compressing the inert carrier gas, as well as poor carbon dioxide
recovery reported for PSA.3,4 While VSA overcomes some of these disadvantages, the CO2
purity needs to be in the range of 90-95% but this is difficult to do with even a chemically
selective sorbent material such as those that are amine-based.4 Using a hot gas in the desorption
step (TSA) has advantages in that it is fairly easy to implement,5 however large volumes of gas
are required, and decomposition of the adsorbent can occur.6 One way around using steam
stripping for regeneration is to use CO2 as the regeneration gas.7 Post-combustion flue gas
typically has a low CO2 composition between 5-15 vol% and is often between temperatures of
40-160 °C depending on the design of the power plant.8,9 Using TSA technologies with postcombustion flue gas is therefore a promising strategy for the abatement of CO2. Recently, CO2
capture based on solid state amines is a promising technique that is rapidly under development.10
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Two main types of materials under research to act as amine supports are metal oxides and carbon
based materials.
Although common metal oxides such as silica and alumina are low cost, efficient and
stable as supports of amine for CO2 capture under dry conditions,11-20 they decompose in the
presence of water vapor due to structural collapse, which lower the efficiency of long term CO2
capture.21-23 Compared to conventional silica and alumina metal oxides, carbon based
materials,24,25 such as multi-walled carbon nanotubes (CNT), are an attractive support for amine
because of their better moisture insensitivity and chemical stability.26-38 Wet impregnation
methods are commonly used for adhering amines to the CNT support based on van der Waal
force between the support and the amine. This is an easy method for adsorbent preparation with
high amine loading and CO2 capture efficiency.21,29-31 However, when a prototypical tube flow
reactor system is used for the CO2 capture, the physically adsorbed amine often separates from
the support in the presence of steam, which lowers the sustainability and increases the cost of
materials for the post combustion CO2 capture.26 To overcome this drawback, covalent bonded
amine on CNT is required. Amines bonded to CNT can be achieved commonly through i) the
reaction between the amine groups and acyl chloride functionalized CNT,32 ii) the reaction
between amine groups and fluorinated CNT,33 and iii) direct amination on CNT.34 Although
covalently bonded amine modified CNT have been successfully synthesized, they have either not
been used for CO2 capture in the same study or have tested CO2 capture only under dry
conditions.33, 35-39 A number of studies have reported the performance of amino-silane modified
CNT under various steam conditions.40-43 Although the long term study in chemical stability of
materials was missing in Yang’s work, Su et al. claimed that their material was stable under both
dry and steam conditions under many cycles.42,43 Despite these advances, the synthesis of amino98

silane modified CNT requires a large excess of initial reagent and solvent, which is not suitable
for large scale production. Moreover, specifics regarding the bonding between CNT and APTS
and the stability of those bonds to water vapor are not clearly reported. In view of the
shortcomings mentioned above, an alternative amine needs to be developed as a better CO2
adsorbent that can be covalently bonded to CNT.
Increasing the amount of amine that can be supported is a critical factor to improve CO2
capture efficiency. For physically adsorbed amine on CNT, the amine loading can be simply
determined by the mass ratio of CNT and amine.29 However, for covalently amine bonded CNT,
other factors that may affect loadings are still unclear, including surface area, porosity and
functional groups of the support.33,35 Clarifying the relationship between the support surface
chemistry and final amine loading can be used to increase the efficiency of synthesis by using
less initial reagents and solvents and to optimize amine loading and thereby maximize CO2
capture efficiency.
In order to study the steam stability of CO2 adsorbents in their surface chemistry, amine
loading, chemical properties and CO2 capture efficiency as well as to clarify the factors that can
increase the amine loading, in this study, CNT is used as a support and polyethylenimine (PEI) is
used as a CO2 adsorbent because of its inherently high CO2 capture efficiency per molecule.44
The materials were synthesized using the reaction of PEI with acylated CNT and analyzed via
multiple characterization methods. The effect of surface properties on the PEI loading was
investigated and described by a statistical model. Moreover, the relationship between the initial
input of PEI and its final loading on CNT is also studied to minimize the reagent inputs. In
addition, we conducted a comparison of CO2 capture and steam stability between covalently and
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physically PEI modified CNT with similar PEI loading. Our results provide new insights into the
CO2 capture and stability of PEI modified CNT under steam conditions.
4.2 Experimental
4.2.1 Materials
Physically PEI adsorbed CNT was synthesized through wet impregnation methods as
reported before.26 To be specific, 100 mg PEI (Sigma Aldrich, ethylenediamine end-capped,
liquid, Mw ≈ 800 by LS and Mn ≈ 600 by GPC) and 400 mg CNT (Cheap Tubes Inc, 10-20 nm
i.d., 10-30 μm length, >95 wt%) were added into 50 g ethanol (Decon Laboratories, 200 proof)
and stirred for 3 h. The mixture was heated at 80 °C to evaporate solvent followed by drying in
air at 100 C for 1 h. The final product was denoted as CNT/PEI. The synthesis of covalently PEI
bonded CNT was shown in Scheme 1, to be specific, 1 g CNT was pretreated with 60 ml HNO3
(Fisher Chemical, 68-70%) or HNO3/H2SO4 (Merck Millipore, 98%) with various times,
temperatures and concentrations in order to generate the most functional groups on o-CNT. 400
mg o-CNT was dispersed in 2 ml N,N-dimethylformamide (DMF, Fisher Chemical, 99.9%)
followed by 20 ml thionyl chloride (SOCl2, Sigma Aldrich, >99%). The mixture was sonicated
for 2 min and refluxed for 24 h at 70 °C. The result mixture was centrifuged (4700 rpm, 5 min)
and the yellow-brownish solvent was decanted and then the wet solid was redispersed in 15 ml
DMF. The same process was repeated 3 times in order to completely remove the residual SOCl2.
Various amounts of PEI were dissolved into 2 ml DMF and the solution was added to an
acylation-modified CNT dispersion. The mixture was vigorously stirred at 50 °C for 3-5 days to
complete the amination. All the solvent, byproduct and residual reactants were removed by
centrifuging, and then the raw product was redispersed into deionized water for 1-2 days under
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vigorous stirring at 40 °C. The final product was obtained by centrifuging and drying at 60 °C in
the air.
4.2.2 Characterization
The functional groups and PEI loadings were measured using thermal gravimetric
analysis (TGA, STA 409 PC, Netzsch) under helium over a temperature range from 25 to 600
°C, with a heating rate of 10 °C.min-1. The graphitization of CNT was evaluated via Raman
spectroscopy (Renishaw) with 785 nm laser excitation. The functionalities of CNT were
characterized by X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (S-FEG
XL30 FEI) coupled with energy dispersive X-ray (SEM-EDX) spectroscopy and temperature
programmed desorption (TPD) coupled with mass spectrometry (MS). Transmission electron
microscopy (Tecnai G2 F20 FEI) was used for the study of size and morphology of CNT before
and after amination. XPS was performed with a Surface Science SSX-100 X-ray photoelectron
spectrometer (Service Physics), with a monochromatic Al Kα source (1486.7 eV) and a hemispherical analyzer. Narrow scans were recorded with a spot size: 800 um × 800 um, resolution: 4
(nominal pass energy 100 eV), number of scans: 40, and step size: f 0.035 eV. All the peaks were
calibrated with respect to the C (1s) graphitic peak in the narrow scan to 284.4 eV binding
energy. Peak fitting was performed using CASAXPS software. TPD was performed by a
combination of flow reactor system with a temperature-controlled furnace (SC12.5R, Mellen
Company) and a bench top mass spectrometer (Cirrus 2, MKS Instruments) under nitrogen over
a temperature range from 80 to 580 °C, with a heating rate of 4 C min-1. The surface area, pore
volume and pore size were determined by N2 adsorption/desorption isotherms at -195 °C using a
surface area and porosity analyzer (TriStar II 3020, Micromeritics). The samples were degassed
at 80 °C for 12 h under N2 atmosphere. Surface areas were calculated by the Brunauer-Emmett101

Teller (BET) method, pore volumes and pore sizes were calculated by Barrett-Joyner-Halenda
(BJH) adsorption and desorption method respectively. Fourier Transform Infrared (FT-IR)
spectroscopy (Nicolet 6700, Thermo Scientific) from 500 - 4000 cm-1 was used for functional
group characterization. 13C-NMR (Inova 300 MHz) were also used for functional group
characterization. The relationship between PEI loading and surface properties of CNT was
analyzed using multiple linear regression via Rstudio (version 3.4.3).
4.2.3 CO2 capture
The CO2 capture was conducted in a column flow reactor system. An amount of
adsorbent with a packing height of 0.8 cm corresponding to a mass in the range of 80-176 mg
was placed into a quartz glass column (1.35 cm inner diameter). The packed column was then
inserted into a temperature-controlled furnace. The adsorbents were pretreated and regenerated
under N2 flow of 40 ml . min-1 at 110 °C for 90 min. The whole system was then cooled down to
70 °C before introducing CO2 at a flow rate of 10 ml . min-1. In order to evaluate the CO2 capture
performance of adsorbents in the steam condition, 3 vol% H2O steam was introduced in the
system by bubbling N2 into H2O bath. CO2 capture was calculated using Eq. 4.1.26,45
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Eq. 4.1
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where qc denotes the CO2 capture (mmol . g-1); M is the adsorbent mass (g); Q is the total gas
flow rate (cm3 . min-1), which was set at 50 cm3 . min-1 in this study; ci and ce are influent and
effluent CO2 volume fraction (vol%); ci was calculated using the inlet flow rate of CO2 (10 cm3 .
min-1) set by mass flow controller divided by the total gas flow rate (50 cm3 . min-1), or 20 vol%
in this study, t is CO2 capture time (min); T0 was kept at 0 °C, and T is the temperature of the
heating mantle (°C) of the reactor; Vm is 22.4 ml . mmol-1.
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4.2.4 Material stability
The stability of physically and covalently bonded PEI were evaluated by CO2 capture in
the both dry and steam conditions, and the reactions were run in eleven cycles. The loading of
PEI was characterized by TGA. In order to investigate the chemical stability of PEI in the dry
and steam conditions of the flow reactor system, 0.5 g commercial PEI was put into the 50 ml
round-bottom flask connected with a Schlenk line. The flask was purged by vacuum followed by
N2 for 30 min each 3 times and refilled with N2 to remove O2. 1 g H2O or 0.5 g CNT was added
with PEI before vacuum, depending on the treatment. Generally, PEI was treated for 24 h under
multiple conditions including only N2, N2 with H2O (N2+H2O) and N2 with both H2O and CNT
(N2+H2O+CNT) respectively at 120 °C. The result PEI samples were collected and dissolved
respectively into deuterium oxide (D2O, Cambridge Isotope Laboratories, D, 99.9%) for 13CNMR and ethanol for FT-IR characterizations.4.3 Result and discussion
4.3.1 Characterization of covalent bonded PEI

Scheme 4.1 The synthetic scheme for covalently bonded PEI to CNT (functionalization at
endcaps and sidewalls).
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The synthesis of CNT-PEI was accomplished through covalent modification of PEI using
amide bond formation (Scheme 4.1).32,46 Combining XPS and SEM-EDX allowed
characterization of the PEI amide bond on CNT. A general N (1s) spectrum of CNT-PEI was
deconvoluted into amine (C-NH) at 399.4 eV and amide (CONH) at 401.5 eV (Scheme
4.2A).34,47-49

Scheme 4.2 A) N (1s) spectrum of CNT-PEI, B) C (1s) spectrum of CNT-PEI, C) C (1s)
spectrum of o-CNT and D) C (1s) spectrum of as-received CNT. The colored lines and tabulated
date indicate the relative composition of functional groups in XPS C (1s) and N (1s) spectra of
CNT-PEI, o-CNT and CNT with C, O, N atomic%.

The C (1s) spectrum of HNO3 treated CNT (o-CNT) after covalent amination showed that
the shoulder of C (1s) decreased after PEI was covalently bonded to o-CNT (Scheme 4.2B
compared to Scheme 4.2C). All the carbon-oxygen peaks making up the shoulder of C (1s)
spectrum also decreased due to amination. The oxygen composition (O%) decreased by half
from 22.31% to 11.57%, while the nitrogen (N%) increased by 7.5 times from 0.77% to 5.79%
(Scheme 4.2). The O% trend was consistent with SEM-EDX analysis (Figure. S4.1), which also
showed that the amination of o-CNT reduced the O% by half. By EDX, the N% trend only
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increased 1.7 times after amination due to the relative bulk sensitivity of EDX.50 The decrease in
O% and the increase in N%, combined with identification of an amide bond peak after amination
via XPS, indicate that PEI is successfully covalently bonded to CNT. The acylated CNT was
formed by the conversion of carboxylic acid groups on CNT with excess SOCl2 (Scheme 4.1).32
In such a scheme amide bond formation is dependent on the number of carboxylic acid groups
that can be generated on the CNT surface via oxidative methods.
4.3.2. Optimization of amination loading of PEI
In order to achieve high CO2 capture efficiency under steam conditions, it is important to
determine the optimal method for generating the maximum density of carboxylic acid groups on
CNT in order to obtain the highest PEI loading. Concentrated HNO3 proved to be an efficient
reagent for creating oxygen-containing functional groups on CNT (Table S4.1). As seen from
the shoulder of the C (1s) spectrum, the amount of O on the as-received CNT (Scheme 4.2D)
significantly increased after HNO3 treatment (Scheme 4.2C). The O% quantitatively confirmed
the increase in oxygen from 2.91% to 22.31% for the o-CNT (Scheme 4.2).
The effect of treatment times using refluxing concentrated HNO3 showed that functional
group loading of CNT increased as the treatment time increased up to 30 h, followed by no
additional increase (Figure 4.1). The functional group generation was accompanied by CNT
degradation, which was characterized by D/G ratio analysis using Raman spectroscopy (Figure
S4.2). With longer treatment times, the mass balance of recovered CNT approaches zero, likely
due to decomposition and destruction of the graphitized structure.51,52
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Figure 4.1 The effect of HNO3 treatment time on the total
functional groups loading on CNT.

It has been reported that HNO3 treatment generates carboxylic acids, phenol, lactones and
anhydrides on CNT surfaces.53 In order to understand the relationship between a specific
functional group (i.e.: O-C=O) and total functional group loading, temperature programmed
desorption mass spectrometry (TPD-MS) analysis was used. The TPD profiles of H2O, CO2 and
CO released on heating for the as-received CNT and o-CNT samples from 80 to 580 °C are
shown in Figure 4.2. Physisorbed H2O trapped in the pore structure was detected from 80 to 140
°C. We attribute the main H2O profile from 140 to 440 °C to the formation of carboxylic
anhydrides through adjacent carboxylic acid dehydration (Figure 4.2A).54 The CO2 profile
ranging from 140 °C to 385 °C is assigned to the carboxylic acid group decomposition (Figure
4.2B). The shoulder along the CO2 peak starting at 385 °C is likely from the carboxylic
anhydride and lactone decomposition, which are typically more stable compared to carboxylic
acid groups.54,55 The CO profile, a small shoulder from 270 to 385 °C is believed to be from
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decomposition of ketone or aldehyde groups while the rest of profile from 385 to 580 °C is due
to further carboxylic anhydride decomposition (Figure 4.2C).53,55

Figure 4.2 A) H2O, B) CO2 and C) CO profiles of CNT
and o-CNT under helium at a heating rate of 4 °C/min.

In order to analyze the difference in types of functional groups based on the treatment
times, the H2O, CO and CO2 traces were recorded for each sample from 80 to 580 °C. An
analysis of the release of CO2 was an important indicator of carboxylic acid group generation on
CNT. Analysis of treatment times of CNT from 0 and 48 h for CO2 release showed no significant
increase after 30 h (Figure 4.2B). These results suggested that 30 h was optimal for introducing
the most carboxylic acid groups on CNT. Moreover, the maximum height of CO2 released from
each sample was linearly dependent on the total functional group loading measured on CNT
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(Figure S4.3), indicating that carboxylic acid group density can be predicted by the total
functional group loading.

Figure 4.3 The effect of functional group loading on A) the surface area (black dot), pore
volume (blue square) and pore size (red triangle) of CNT B) PEI loading.

N2 adsorption/desorption isotherms were used to investigate the surface areas, pore
volumes and pore sizes in relation to the functional group loadings. HNO3 treatment significantly
increased both surface area and pore volume of CNT before the functional group loading reached
6.5 wt% (Figure 4.3A). The increase in surface area is due to the oxidative opening of CNT ends
and the removal of impurities can enhance both surface area and pore volume.56-58 As the
functional group loading increased past 6.5 wt% both surface area and pore volume decrease
drastically. Previous studies suggested that decrease resulted from CNT side-wall oxidation and
destruction.48 Because 6.5 wt% functional group loading was generated under 24 h HNO3
treatment, this was selected as the optimal treatment time for generating the largest CNT surface
area and pore volume in this study. The relationship of pore size and functional group loading
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was different from surface area and pore volume. Previous studies reported the pore size of CNT
decreased after HNO3 treatment and similar results were observed in previous studies.59,60 The
increase of functional group loading possibly caused the decrease of pore size due to collapse of
pore structure resulting from functional group generation. Generally, the increase of acid
treatment time causes the increase of functional group loading on CNT. Surface area and pore
volume increase first then decrease as the functional group loading increases. Pore size always
decreases as the functional group loading increases.
The increase in total functional groups enhanced the PEI loading due to the increase in
carboxylic acid group concentration (directly correlated to number of formed acyl chlorides) thus
providing more sites for amide bond formation. The maximum value (15.8 wt%) was observed at
the total functional group loading of 6.5 wt%, which correlated to 24 h acid treatment (Figure
4.3B). The highest PEI loading seemed to be limited by the surface area rather than the number
of carboxylic acid groups, since the 24 h o-CNT did not have the highest number compared to
longer-treated samples. The available carboxylic acid groups are thought to be better dispersed
on a larger surface area, thus increasing the possibility of reactions with multiple amine groups
from different PEI molecules on the CNT surface. Another reason for the increased loading with
higher surface area could be that hydroxyl and carbonyl groups are also more dispersed and
therefore reduce the steric hindrance for coupling reactions. A small amount of PEI loading (3.3
wt%) was also observed on the as-received CNT, which was due to the reaction between PEI and
residual carboxylic acid groups of CNT or to the direct amination of CNT with PEI.34,61 In
general, the PEI loading was dependent on both total functional group loading and the surface
area of CNT. This relationship can be described by a statistical model based on multiple linear
regression taking into consideration the physical properties of the adsorbent as follows:
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logPEI loading = -0.073 + 0.103 f + 0.012 SA
where f is the total functional group loading and SA is the surface area (Figure S4.4, Table
S4.2). Theoretically, the maximum PEI loading could be obtained on our CNT material with the
highest total functional group loading (7.8 wt%) and surface area (171.3 m2.g-1), which was 16.8
wt%. In this report, the obtained PEI loading of approximately 16 wt% is very close to the
optimal loading for the CNT support as prepared. In order to obtain a higher PEI loading a
different CNT material with a larger surface area must be used. This would then allow a higher
CO2 capture efficiency for a carbon bonded amine material.
4.3.3 The effect of PEI concentration on PEI loading
With information in hand how the PEI loading can be improved via increasing surface
area and functional group loading we next aimed to investigate how the increase of PEI
concentration affects the PEI loading of o-CNT. To achieve this goal, various compositions of
PEI and o-CNT materials were tested with the results shown in Figure 4 and Table S3. Increased
PEI concentration ratios of PEI to CNT from 0.25 to 1 could slightly increase the amine loading
by 1.9 wt%. However, a further increase in the PEI concentration ratio did not have a significant
effect on the PEI loading for both samples; this is because the concentration of PEI in the
reaction condition (PEI:o-CNT=1:1) has already exceeded the theoretical value (PEI:oCNT=0.2:1). In contrast, too much PEI (PEI:o-CNT=3:1) could slightly lower the PEI loading
because the increased viscosity of the solution leads to lower dispersion of o-CNT materials.
With no SOCl2 treatment, around 3 wt% PEI loading was observed due to a direct amination
process between PEI and CNT (Figure 4).34 Generally, in our study, around 5 g PEI was
consumed to covalently bond 1 g PEI to CNT for loading a 16 wt% to CNT yielding a 20%

110

efficiency in reagent. This is much more economical compared to others, which yield a 5%
reagent efficiency for amine loadings of similar wt%.41-43

Figure 4.4 The effect of PEI concentration on PEI loading of o-CNT.

4.3.4. CO2 capture with steam
Our material is competitive for CO2 capture to other solid materials covalently grafted with
PEI with similar molecular weight under dry conditions (Table 4.1). However, it is critical to
investigate the effect of steam on CO2 capture because industrial feed CO2 is often humid.
Table 4.1 Comparison of the CNT-PEI of this work with PEI covalently grafted on other
materials reported values under dry conditions. All pressures are atmospheric.
Support
CNT
SCNT
SBA15
Al-SBA15

PEI Mw
(Da)
600
600
950
<1960

Loading
(wt%)
16
24
-

Loading
(mmol N∙g-1)
3.84
5.78
9.66
7.52
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Temperature
(°C)
70
75
25
25

CO2 capture
(mmol∙g-1)
0.98
0.93
0.43
0.70

Ref.
This work
35
60
60

Nitrogen flow with 3 vol% steam was employed to investigate CO2 capture of CNT-PEI
with various PEI loadings (Figure 4.5). Steam did not significantly change the CO2 capture of
CNT-PEI with a low PEI loading (7 wt%), possibly because the reduced CO2 capture of CNT
was not yet offset by an increase in CO2 capture from the PEI loading. However, as PEI loading
increased over 10 wt%, the effect of amines became significant and the increase of CO2 capture
was observed in CNT-PEI with the highest CO2 capture at 16 wt% PEI loading (1.12 mmol g-1).

Figure 4.5 CO2 capture under dry and steam conditions.

Comparing the CO2 capture under steam conditions to other comparable amine-grafted
CNT materials gives greater insight into the efficiency of our material (Table 4.2). With a 16
wt% PEI loading at 70 °C, the total CO2 capture of the material is 1.12 mmol.g-1 (entry 1). This
result indicates that 1 g 16 wt% CNT-PEI can adsorb 1.12 mmol CO2, while the CO2 capture of
the CNT support under the same conditions is 0.22 mmol.g-1. In a 16 wt% sample, the CNT
support (0.84 g of the sample) will adsorb up to 0.18 mmol of CO2 leaving the PEI to adsorb the
remaining 0.94 mmol of CO2. This yields an amine-adsorbent CO2 capture efficiency of 5.88
mmol.g-1 for the 16 wt% CNT-PEI sample. This is a higher value compared to the APTS and
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AEAPS based adsorbents that have been reported (entries 2-3). However, it is difficult to
compare the CO2 capture of the adsorbents from different reported materials without providing
the information of the CO2 capture of the CNT support (entries 4-5). Regardless, the CNT
support can adsorb as high as an estimated 40% of the total CO2 capture of the material (entry 2).
In order to reflect the difference between high CO2 capture efficiency from the support and the
degree to which the amine modification did or did not improve the CO2 capture of the entire
material we can use these values to determine the capture of the adsorbent. Taking this into
account, the amine-based adsorbent CO2 capture of these CNT-APTS materials may be within
range of our reported CNT-PEI.
Table 4.2 Comparison of the CNT-PEI of this work with PEI covalently grafted on other
materials reported values under steam conditions. All pressures are atmospheric.

Entry

Loading

Material

CO2

wt%
vol%
1
CNT-PEI
16
20
40
2
CNT-APTS
27
15
41
3
CNT-AEAPS
13*
2
4
CNT-APTS42
24
15
5
CNT-APTS43
22
15
*Estimated value from figure. a) this work.
a

Temperature
°C
70
20
25
25
50

CO2
captureCNT
mmol.g-1
0.22
0.63
0.09
N.A.
N.A.

CO2
captureMaterial
mmol.g-1
1.12
1.16
0.72
1.44
2.45

CO2
captureAdsorbent
mmol.g-1
5.88
2.59
4.96
N.A.
N.A.

The chemical performance of amine with CO2 was different under dry and steam
conditions.22 Theoretically, CO2 capture under steam conditions should be enhanced compared to
that under dry conditions. Lower CO2 capture than expected stoichiometrically results from the
occupancy of available capture sites by H2O.31,62 After steam treatment, PEI did not separate from
the surface (Table 4.3).
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Table 4.3 PEI loadings of CNT-PEI before and after steam treatment.
CNT-PEI %
loading

Before steam
treatment (wt%)

After steam treatment
(wt%)

7

7.15

7.13

11

10.95

10.94

16

15.86

15.91

To better evaluate the steam stability of CNT-PEI, a sample of physisorbed PEI on CNT
(CNT/PEI) with similar PEI loading (17.2 wt%) was prepared as a reference. The stability and
reusability of CNT-PEI and CNT/PEI were studied under dry and steam conditions (Figure 4.6).
Under dry conditions, both materials were stable after 11 cycles as expected based on previous
studies.26 Remarkably CNT-PEI was stable under steam conditions with little change of CO2
capture observed between the 1st cycle (1.11 mmol.g-1) and 11th cycle (1.02 mmol.g-1).
However, the physisorbed CNT/PEI showed poor stability with steam present in the gas feed, as
CO2 capture decreased immediately to 1.00 mmol.g-1 after the first cycle and further decreased to
0.30 mmol.g-1 after 11 cycles. One explanation for the decrease is that the physisorbed PEI is
flushed off from CNT, as was shown by the decrease of PEI loading from 17.21 to 11.56 wt%.
After the reaction, a nearly colorless viscous gel was observed in the bottom sidewall of tube,
indicating the separation of physisorbed PEI from CNT, which is expected from our previous
study.26 However, the CO2 capture of CNT-PEI decreased by 77% which is far more than the
decrease of PEI loading (33%). The reason may be that the physisorbed PEI on CNT is efficient
at CO2 capture because it is well-distributed, but when desorbed under steam flow it becomes
viscous. The steam flow may further cause PEI to re-agglomerate with itself thus reducing
available sites to CO2, which further lowers CO2 capture.
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Figure 4.6 Steam stability of CNT-PEI and CNT/PEI in 11 cycles.

The chemical stabilities of PEI under humid conditions in the presence of CNT were
studied by Fourier-transform infrared spectroscopy (FT-IR) (Figure 4.7). The main PEI structure
is characterized by a series of peaks, including C-H stretch (~2840 and ~2940 cm-1), C-H bend
(~820 and ~1465 cm-1), C-N stretch (1000 - 1350 cm-1), N-H bend (~1580 cm-1) and N-H stretch
(~3280 cm-1 and ~3350 cm-1).63 Compared to untreated PEI (standard), the chemical structure
was stable under dry and steam conditions with an inert atmosphere at 120 °C after 24 h. This
result was also verified by 13C-NMR (Figure S4.5). Moreover, no decomposition effect of PEI
was observed in the presence of CNT under the same conditions (Figure 4.7), indicating the
chemical stability of PEI during the steam treatment under experimental conditions.
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Figure 4.7 FT-IR of PEI under various treatment methods at 120 °C for 24 h.

4.4 Conclusions
A successful synthesis of covalently bonded PEI modified CNT with high steam stability
through the amination of acylated CNT was reported. The CO2 capture of 16 wt% CNT-PEI is
1.12 mmol.g-1 and can be maintained over 11 cycles under steam conditions. The surface
chemistry of materials was well analyzed through various characterization methods. The effect
of functional groups and surface area of CNT on the covalent PEI loading was simulated by a
statistical model, which elucidated a strategy to enhance the covalent PEI loading on acylated
CNT. A new carbon-based material will have to be used in order to increase the amount of PEI
covalently bonded in order to then increase the threshold of CO2 capture. CNT-PEI exhibited
14% better CO2 capture under steam conditions compared to dry conditions. The material was
more stable under steam conditions than the CNT/PEI, which indicates that supported amine
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materials with high stability in steam can be obtained via covalent modification methods.
Generally, we suggest that CNT-PEI will be more suitable for CO2 capture in post-combustion
processes.
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4.6 Supplementary Information

Figure S4.1 SEM image with EDX of A) o-CNT and B) CNT-PEI.
Table S4.1 Functional group loading of CNT with various oxidative treatments.
Entry

Treatment

1
2a
2b
3a
3b

As received
16 M HNO3 18 M H2SO4 (3:1)
16 M HNO3 18 M H2SO4 (3:1)
16 M HNO3
16 M HNO3
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Time
(h)
0
3
16
3
16

Functional group
(wt%)
1.27
2.44
2.46
1.85
4.66

3c
3d
4

16 M HNO3
16 M HNO3 (low temperature)
3M HNO3

24
24
24

6.5
5.28
2.29

Figure S4.2 A) Raman spectra and D/G ratios of CNT and o-CNT with various treatment times
B) D/G ratios of CNT and o-CNT in relation to functional group loading.
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Figure S4.3 The correlation of carboxylic acid group and functional group loading.

Figure S4.4 The relationship between calculated and experimental PEI loading.
Table S4.2 Statistical details of modal simulation from Rstudio.
Summary (ln(BPEI) = β0 + β1*Func + β2*SA)
Coefficients:

Estimate

Std.Error

(Intercept, β0)

-0.073499

0.154134

t
value
-0.48

Func, β1

0.10292

0.014777

6.97

SA, β2

0.012208

0.001346

9.07

Signif. codes:

0 ‘***’ 0.001 ‘**’ 0.01
‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
0.06233 on 3 degrees
of freedom
0.9928
Adjusted R-squared:
206.6 on 2 and 3 DF
p-value:

Residual standard error:
Multiple R-squared:
F-statistic:

125

0.988
6.12E04

Pr(>|t|)
6.66E01
6.07E03 **
2.83E03 **

A multiple linear regression model was built to investigate the significant factors (PEI
loading, surface area, pore volume and pore size) on the PEI loading. We built two full models
and 20 reduced models to study the relationship between BPEI loading or logarithm of BPEI and
all the factors mentioned above. In the model, we use lPEI, FG, SA, PV and PS to describe
logPEI, functional group, surface area, pore volume and pore size. The factors are in Table
S4.2A below.
Table S4.2A The statistics model of the effect of functional group, surface area, pore volume
and pore size on the covalent PEI loading of CNT
FG
SA
(p-value) (p-value)

PV
(pvalue)

PS
(p-value)

Entry

Model

pvalue

Full
model_1
Red
model_10
Red
model_11
Red
model_12
Red
model_13
Red
model_14
Red
model_15
Red
model_16
Red
model_17
Red
model_18
Red
model_19
Full
model_2
Red
model_20
Red
model_21

PEI ~ FG + SA + PV
+ PS

0.0376

0.999

0.0448*

0.0787

0.0936

0.0713

PEI ~ FG + SA + PV

0.0745

0.950

0.1950

0.8120

0.3840

NA

PEI ~ FG + SA + PS

0.0437

0.971

0.1026

0.0932

NA

0.2009

PEI ~ FG + PV + PS

0.0614

0.959

0.1340

NA

0.1340

0.5450

PEI ~ SA + PV +PS

0.1845

0.873

NA

0.5190

0.6060

0.6670

PEI ~ FG + SA

0.0231

0.919

0.1107

0.0991

NA

NA

PEI ~ FG + PV

0.0119

0.948 0.0060**

NA

0.0501

NA

PEI ~ FG + PS

0.0670

0.835

0.1240

NA

NA

0.3500

PEI ~ SA + PV

0.0541

0.857

NA

0.0277*

0.3012

NA

PEI ~ SA + PS

0.0584

0.849

NA

0.1060

NA

0.3330

PEI ~ PV + PS

0.0674

0.835

NA

NA

0.1242

0.0347*

lPEI ~ FG + SA + PV
+ PS

0.0206

1.000

0.0522

0.0771

0.1173

0.1062

lPEI ~ FG + SA + PV

0.0102

0.993

0.1240

0.1700

0.7730

NA

lPEI ~ FG + SA + PS

0.0084

0.994

0.0907

0.0142

NA

0.5301

R
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Red
lPEI ~ FG + PV + PS
model_22
Red
lPEI ~ SA + PV +PS
model_23
Red
lPEI ~ FG + SA
model_24
Red
lPEI ~ FG + PV
model_25
Red
lPEI ~ FG + PS
model_26
Red
lPEI ~ SA + PV
model_27
Red
lPEI ~ SA + PS
model_28
Red
lPEI ~ PV + PS
model_29
Red
lPEI ~ FG
model_30
Red
PEI ~ FG
model_31
*significant, **very significant

0.0193

0.987

0.1760

NA

0.0330*

0.3580

0.0418

0.972

NA

0.4510

0.6340

0.7950

0.0006

0.993 0.0061** 0.0028**

NA

NA

0.0033

0.978 0.0016**

NA

0.0154*

NA

0.0888

0.801

0.2930

NA

NA

0.7860

0.0050

0.971

NA

0.0025*

0.0529

NA

0.0058

0.968

NA

0.0151*

NA

0.0622

0.0081

0.960

NA

NA

0.0170

0.795

0.0170*

NA

NA

NA

0.0220

0.768

0.022*

NA

NA

NA

0.0210* 0.0040**

Since the mechanism (Scheme 4.1) showed PEI is covalently bonded to COOH groups
on CNT, the functional group loading (FG) has to be included in the model. All models without
FG factors are removed from the Table 1 (all red lines). Secondly, the FG factor should have
significant effect on the PEI loading, which means the p-value of FG should be less than 0.05; all
FG p-value higher than 0.05 are removed (all blue lines). All remaining factors in the model
must be significant; therefore any model with an insignificant p-value factor is removed (green
line). Finally, the experimental data should be well described by the model. Therefore, any
model with relatively low R squared value (R2) were removed (purple lines). The updated table
is as follows:
Table S4.2B Final possible regression models from Table S4.2A
Entry
Red model_24

Model
lPEI ~ FG +
SA

P-value

R2

0.0006

0.993
127

FG

SA

0.0061** 0.0028**

PV

PS

NA

NA

lPEI ~ FG +
PV
*significant, **very significant
Red model_25

0.0033

0.978

0.0016**

NA

0.0154*

NA

The resulting table showed only two models (Red model_24 and Red model_25) left.
Besides FG, both SA and PV have a significant effect on the optimal covalent PEI loading.
However, the effect of SA (**) was more significant compared to PV (*). Moreover, model_24
could better describe the experimental data compared to model_25 according to their R2 values.
In other research by Barron et. al, (ref.33) it was established that a large surface area is good for
covalent attachment of organic molecules. Considering these three reasons, we proposed that SA
and FG are the two major factors affecting the optimal covalent PEI loading on acid-treated
CNT.
Table S4.3 The effect of PEI concentration on PEI loading of o-CNT

PEI loading

PEI : o-CNT

0.25

1

2

3

No SOCl

3.1

3.29

2.81

2.51

13.95

15.81

15.90

13.04

SOCl

2

2
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Figure S4.5 13C-NMR of PEI A) standard, B) treated with N2 and C) treated with steam and N2
at 120 °C for 24 h.
Table S4.4 Surface area and pore volume of CNT-PEI and CNT/PEI before and after (in
parenthesis) steam treatment of the sorbents.
2

3

Material

Surface area (m /g)

Pore volume (cm /g)

CNT/PEI
CNT-PEI

26.28 (28.73)
54.10 (56.94)

0.20 (0.36)
0.21 (0.21)

Discussion of Raman spectroscopy of CNT in relation to functional group loading
Raman spectroscopy was used to investigate the degree of degradation of CNT in relation
to the functional group loading measured by TGA. The intensity of the D band (~ 1320 cm-1) and
the G band (~ 1585 cm-1) in Raman spectroscopy are related to the defects or disorder of
graphitic structure and the sp2 carbon graphitization of HNO3 treated CNT (o-CNT) respectively
(Figure S2A).1,2 D/G ratio was used to evaluate the degree of degradation where a higher value
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indicates a higher degree of functionalization on CNT while the D' band is a resonance feature.3,4
The results showed that the D/G ratio increased as treatment time increased, which indicates that
in the range of 0 to 48 hours, extension of treatment times favors CNT structure degradation and
functional group generation.5,6 The degradation of CNT decreased upon longer treatment times
and did not show a significant change after 30 h. The total functional group loading measured by
TGA was linearly related to D/G ratio (R2 = 98%), indicating the functional group generation is
accompanied with CNT structure degradation (Fig. S2B).7

Discussion of CO2 capture under dry and steam conditions.
One CO2 molecule is captured by two amine groups and form carbamates in dry conditions
(1-2).8 In steam conditions, one CO2 molecule is captured by only one amine group and form
bicarbonate (3-5).9,10 Besides primary and secondary amines, tertiary amine can also capture CO2
in steam conditions (5). Therefore, compared to dry conditions, CO2 capture should be enhanced
with steam.
CO2 capture in dry conditions
(1) Primary amine:

2 R1NH2 + CO2 ⇌ R1NH3+R1NHCOO(2) Secondary amine:

2 R1R2NH + CO2 ⇌ R1R2NH2+R1R2NCOOCO2 capture in steam conditions
(3) Primary amine:
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R1NH2 + CO2 + H2O ⇌ R1NH3+HCO3(4) Secondary amine:

R1R2NH + CO2 + H2O ⇌ R1R2NH2+HCO3(5) Tertiary amine:

R1R2R3N + CO2 + H2O ⇌ R1R2R3NH+HCO3Table S4.5 The effect of treatment time on the functional group loading on CNT (Data for
Figure 4.1)
Treatment time (h)
Functional groups (wt%)

0*
5
16
1.3
3.3
4.7
*CNT received as is

24
6.5

30
7.6

42
7.4

48
7.8

Table S4.6 The effect of functional group on PEI loading (Data for Figure 4.3B)
Functional group (wt%)
PEI loading (wt%)
PEI loading standard deviation (wt%)

1.3
3.3
0.1

2.3
5.0
0.2

3.3
7.2
0.2

4.7 5.3
11.0 14.0
0.2 0.4

6.5
15.8
0.1

7.7
13.0
0.4

Table S4.7 CO2 capture of CNT, CNT-PEI and CNT/PEI without steam
PEI loading (wt%)

CO2 capture (mmol/g)

Adsorbent

0
7
11
16
17

0.284 ± 0.011
0.505 ± 0.007
0.697 ± 0.015
0.981 ± 0.010
1.328 ± 0.023

NA
CNT-PEI
CNT-PEI
CNT-PEI
CNT/PEI
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7.8
11.8
0.4

Figure S4.6 CO2 capture breakthrough curve of CNT, covalently and physically PEI modified
CNT

A

B

Figure S4.7 The TEM image and diameter of A) as is CNT and B) CNT-16wt%PEI
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H2 surface modification of a carbon nanotube catalyst for the improvement of

ethane oxidative dehydrogenation
Adapted from published article in Carbon 2019, 152, 924
doi.org/10.1016/j.carbon.2019.06.076
Zheng Zhou, Emma K. Orcutt, Hans C. Anderson, and Kara J. Stowers*
Abstract
A one-step, gas-phase hydrogen (H2) surface modification is used to reduce carboxylic groups to
phenolic groups on carbon nanotube (CNT) materials. This method efficiently reduces the
unselective oxidation sites and enhances the active sites on CNT catalysts used for alkane
oxidative dehydrogenation. As a result of the modification, the ethylene selectivity and yield
improve by at most 81% and 28% respectively compared to the non-modified catalyst. A clear
linear correlation between the functional groups and catalytic activity reveals the effect of
specific oxygen species on performance. As the catalyst surface area increases, pretreatments
generate more selective active sites instead of over-oxidation sites, providing a guideline for
catalyst optimization. We suggest that the gas-phase H2 method is general for reducing carbon
catalysts to increase selective oxidation sites for gas phase reactions.
5.1 Introduction
Ethylene is vital to the petrochemical industry for the synthesis of polymers, alpha
olefins, and many other products.1,2 With the discovery of large shale gas deposits that contain
significant quantities of ethane, ethylene production from ethane has become highly attractive.3,4
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Oxidative dehydrogenation (ODH) is a promising route because it reduces traditional energy
consumption, and highly efficient catalysts can be designed at low cost.5 Carbon-based catalysts
overcome many of the challenges of metal oxide catalysts6-9 due to non-coking character,5,10
low cost, and lack of metal contamination in the products.11-14 In addition, carbon based
catalysts exhibit general chemical inertness, broad availability, and environmentally benign
properties.10

Figure 5.1 Typical functionalization and reduction methods for preparing CNT catalysts for the
ODH reaction comparing gas phase treatment of this work versus liquid treatment or heteroatom
incorporation of previous studies.
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Carbon nanotube (CNT) catalysts have gained interest due to the additional ease of
uniquely tunable surface chemistry.10 To date, CNT catalysts have been used for isopentane,15 nbutane,16-20 propane21-23 and ethane ODH reactions.24,25 One challenge for industrial application
of CNT-based catalysts is in obtaining high yields of alkene.16,26 One strategy for increasing
yields is to add heteroatoms to alter surface electron density or react with unselective oxidation
sites to improve selectivity.16-18,27-30 Another strategy for increasing yield is to selectively control
the type and concentration of functional groups inherent in the carbon-based material itself. CNT
treatment methods to install functional groups generally require a liquid phase oxidation
preparation, followed by multiple-step purification often resulting in undesirable adventitious
element incorporation. Furthermore, these liquid phase oxidative acid treatments15-22 generate
acidic carboxylic groups that are detrimental to ODH reaction selectivity.18 After oxidation,
reduction methods such as lithium aluminum hydride (LiAlH4)17 and Grignard reagent
(C6H5CH2MgCl)19 react with the electrophilic species on CNT in order to enhance activity
(Figure 5.1). While liquid phase reduction methods are successful, we sought to employ a gas
phase reduction that would improve selectivity but would also be more amenable to catalyst
activation techniques used on large scale with gas phase reactions.
The synthesis method introduced herein addresses two previous limitations of other
preparations. First, mild hydrogen peroxide (H2O2) oxidation leaves a lower concentration of
unselective electrophilic oxygen species on the CNT. H2O2 also allows for neutral surface
functionalization conditions with little residual waste.31 Second, because gas phase treatments
with H2 reduce carboxylic (O=C-O) groups to phenolic (C-O) groups at 300 °C,32,33 and have
also been used for healing defect sites on graphene oxide and activated carbon29,34-36 we expect
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this will be a simple and effective surface modification (Figure 5.1). In this study, iodometric
titration is used to quantify the peroxide/superoxide concentrations.17,19 Surface functional
groups are quantitatively characterized using X-ray photoelectron spectroscopy (XPS). The
surface morphology of CNT is characterized with transmission electron microscopy (TEM). The
concentrations and effects of the specific oxygen-containing functional groups are discussed in
detail, as well as the optimization of the reaction at varying temperatures and concentrations.
5.2 Results and discussion
5.2.1 Synthesis and characterization of oxidized CNT
The most general method for generating oxidized sites on CNT is through acidic
treatment. However, H2O2 can generate a higher concentration of basic functional groups (phenol
(C-O) and carbonyl (C=O)) on CNT via hydroxyl radical functionalization compared to
oxidative acid treatments.31,37-39 Commercial purified CNT were functionalized through acidic
(HNO3 and HCl) and basic (NaOH) treatments for comparison to the H2O2 method and used
without further optimization for ethane ODH (Table 5.1). In order to maximize active sites on
the CNT for each of these treatments, temperatures, concentrations, and times were varied to
obtain optimal ethylene yield. The H2O2 functionalization of CNT (o-CNT) compared to acid
treated CNT caused an increase in ethane conversion. Comparing o-CNT to non-treated CNT
(N.A.), the conversion increase was accompanied with a selectivity decrease from 33.6% at 3.4%
conversion to 27.8% at 16.8% conversion. Despite this decrease in selectivity, the ethylene yield
increased by 4 times from 1.1 to 4.7%. The yield from o-CNT was at least twice higher than the
yield of the other CNT catalysts. The adventitious nickel (Ni) remaining in the CNT was found
to be inactive (see Supporting Information for more details, Figure S5.1-S5.3, Table S5.1).
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Table 5.1 The effect of oxidative functionalization method without reduction
treatments on the catalytic performance of CNT for ODH of ethane.
Method
H2O2

Conversion (%)
16.8 ± 0.1

Selectivity (%)
27.8 ± 0.5

Yield (%)
4.7 ± 0.1

HNO3
4.3 ± 0.1
56.6 ± 1.2
2.4 ± 0.1
HCl
5.2 ± 0.1
43.7 ± 0.4
2.3 ± 0.0
NaOH
17.0 ± 0.1
9.3 ± 0.2
1.6 ± 0.0
N.A.
3.4 ± 0.0
33.6 ± 0.6
1.1 ± 0.0
Reactions were conducted at 450 °C with a total flow rate of 50 ml∙min-1,
ethane/O2/N2 = 2:1:47.

Figure 5.2 TEM images of A) unmodified as is CNT, B) o-CNT.
Oxidation of CNT with H2O2 introduces defects and erodes the sidewalls of tubes.31 The
difference in surface morphology between samples can be directly observed from TEM images
(Figure 5.2). Initially, the surface of unmodified CNT was smooth with well-aligned sidewalls
and the impurities were also detected outside of sidewalls (Figure 5.2A). After H2O2 oxidation
the surface was somewhat eroded and roughens but distribution of sidewalls was still maintained
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(Figure 5.2B). Raman spectra were recorded using 785 nm instead of 532 nm in order to
increase resolution (Figure S5.4). The D/G of o-CNT (2.87) was higher than unmodified CNT
(1.99), indicating that introducing oxygen-containing groups on the surface of CNT with H2O2
treatment generated defects.40 These defects will be treated with annealing and H2 to minimize
reaction interference.
5.2.2 H2 Treatment methods of CNT and physical properties
It is often the case that the catalytic performance of CNT materials is also linked to
surface properties. N2 adsorption/desorption isotherms (Brunauer Emmett Teller method, BET)
were obtained to determine the surface area, pore volume and pore sizes of CNT catalysts
immediately after catalyst treatments and again after exposure to ODH reaction conditions
(Figure 5.3, Table S5.2). After demonstrating that the H2O2 treatment generates appropriate
concentrations of active sites on the CNT catalyst, we next tested H2 gas phase reduction. The oCNT was treated in three ways, annealing (A), H2 treatment (H) and annealing followed by H2
treatment (AH), each at 450, 550, and 700 °C. The surface area and pore volume of o-CNT
increased after catalyst treatments compared to CNT suggesting H2O2 is an efficient method for
removing these deposits and rupturing CNT ends and sidewalls.41 Before the reaction, the
surface area and pore volume of all the samples maximized at 550 °C (Figure 5.3A and B).
However, the pore size increases as the treatment temperature increases (Figure 5.3C). A
decrease in the pore volume was observed on unmodified CNT after ODH conditions. This may
be because functional groups are generated via O2 oxidation that block the pore openings.42 After
ODH oxidative conditions, the surface area and pore volume of all samples significantly increase
by as much as 43% and 12% respectively (i.e. Figure 5.3D vs Figure 5.3A). The surface area
after reaction conditions decreased as the temperature increased (Figure 5.3D). As the treatment
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temperature increased, the pore volume of H2 treated samples (AH and H) increased while the
only annealed catalysts decreased (Figure 5.3E). The pore size increased as the treatment
temperature increased (Figure 5.3F).

Figure 5.3 The effect of temperature on A) surface area, B) pore volume and C) pore size after
oxidative/reductive treatments (dash line) and D) surface area, E) pore volume and F) pore size
after ODH reaction conditions (solid line). ODH reaction conditions: 450 °C with a total flow
rate of 50 ml∙min-1, ethane/O2/N2 = 2 : 1 : 47.

5.2.3 CNT active site characterization
Identifying the active sites of CNT catalysts is critical to improve the yield for alkane
ODH. Nucleophilic ketonic carbonyl groups in ketones and quinones (C=O) on CNT have been
identified as the selective active sites whereas electrophilic carboxylic and peroxide/superoxide
groups act as the unselective oxidation sites.16,17,27-30,43-46 These surface nucleophilic groups and
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those that can be converted to an active site (such as C-O) both play a positive role in alkene
production. In contrast, the surface electrophilic groups form CO2.17,47

Figure 5.4 The electrophilic oxygen species
concentration before and after ODH in annealing
and H2 reduction treatments (A, AH, H).

Although electrophilic species such as peroxides/superoxides are difficult to detect using
XPS, iodometric titration can be used for quantification. The density of the electrophilic species
on CNT was titrated after catalyst treatments and again after reaction conditions had been
applied (Figure 5.4). In general, the density of the electrophilic species on CNT before reaction
conditions was higher indicating decomposition of electrophilic species during the reaction.19 For
example on o-CNT the electrophilic species concentration after catalyst treatments was 4.6×10-6
mol.g-1 and decreased to 3.2×10-6 mol.g-1 after ODH reaction conditions. The electrophilic
species of the AH modified CNT was slightly lower than H modified CNT at each temperature
both before and after reaction conditions were applied. The decrease of electrophilic species
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under H2 likely results from two steps: i) the decomposition of electrophilic species at high
temperatures which leaves reactive defects on the CNT surface; ii) these defects react with H2 to
form C-H bonds and inhibit further electrophilic species regeneration. This would result in lower
concentrations of electrophilic species for AH treatments compared to H only.
Quantifying the relationship between the catalytic performance of CNT and active sites
gives more insight into catalyst design. XPS was used to analyze and identify the concentrations
of surface functional groups on CNT. All functional group concentrations were measured after
the catalysts had been treated (A, H, or AH) and submitted to reaction conditions (ethane, O2) in
order to obtain the most accurate concentrations most closely related to an active catalyst at
steady state. Binding energies and atomic percentage (at%) of functional groups generated on
CNT and o-CNT from treatments are shown in Table S5.3. The C(1s) spectrum was
deconvoluted into a main component at 284.0 eV, characteristic of CNT aromatic carbon double
bonds (C=C, sp2).48 The shoulder peak located at 284.9 eV was characteristic for hydrocarbon
sp3 bonds originating from CNT defects.49,50 The remaining peaks were assigned to C-O at 286.0
eV, C=O at 287.3 eV, O=C-O at 288.5 eV with the π-π* shake-up satellite assigned at 291.3
eV.51 The total oxygen composition (O%) as measured from the summation of all oxygencontaining groups increased from 3.9 at% to 6.0 at% after H2O2 functionalization of CNT (Table
S5.3).31
The concentration of each oxygen-containing group decreased as the modification
temperature increased consistent with thermal functional group decomposition (Figure
5.5A).32,52-55 Specifically, the concentration of C-O decreased slightly when annealed at 550 °C
compared to 450 °C, indicating that there is an improvement in the thermal stability of C-O after
H2 modification. Similar results were observed for C=O concentrations (Figure 5.5A). The
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changes in concentration of C=O were smaller than C-O.32,43 Both C-O and C=O concentrations
continued to decrease at 700 °C for all three catalyst treatments.32

Figure 5.5 A) The concentration of functional groups on the surface of CNT with A (dot), AH
(square) and H (triangle) modifications in relation to the temperatures, C-O (red solid line added
for visualization), C=O (blue dashed line added for visualization). B) The concentration of
carboxylic groups on o-CNT with H2 treatments.

Surprisingly, the least thermally stable functional group O=C-O did not decrease
significantly, possibly due to regeneration. Defects generated by functional group decomposition
result in more O=C-O regeneration under oxidative reaction conditions. It was notable that O=CO concentrations for all temperatures of H2 treated samples were favorably lower than those only
annealed (Figure 5.5B). In order to exclude the effect of annealing temperature, one sample was
annealed to 700 °C and then treated with H2 at 550 °C (700A550H). The results showed that the
O=C-O of 700A550H was lower than 700AH and close to 550H and 550AH, suggesting that the
H2 treatment temperature has the dominant effect on CNT carboxylic group concentration.
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5.2.4 H2 treated o-CNT catalytic performance
The ethane conversion and selectivity were recorded for each oxidized and reduced
catalyst (Figure 5.6). Under low temperature reaction conditions, the catalytic performance
between 450A and o-CNT was the same. Compared to o-CNT, treatment with H2 could improve
the ethylene yield by 27%. The conversion decreased slightly for 450H and 450AH but resulted
in large increases in selectivity. The increase in ethylene selectivity of any H2 treatment (AH and
H) was higher than all annealing treatments (A). The conversions are similar in each treatment at
the same temperature. Therefore, the samples treated with H2 (AH and H) have higher yields
than those that have only been annealed (A). The H2 treatments yielded maximum selectivity at
550 °C. The optimal treatment was 550H, which generated the catalyst with highest selectivity
(50.9%) and yield (5.9%) at 450 °C.

Figure 5.6 Catalytic performance of CNT and o-CNT under treatments: annealing (A), annealing
followed by H2 (AH) and only H2 (H) at specified temperatures. The conversion and selectivity
are graphed on the same axis with the conversion indicated by dots, and the selectivity indicated
with bars while the yield of ethylene for each catalytic test is stated above the selectivity value.
Reaction conditions: 450 °C, total flow rate was 50 ml∙min-1, ethane/O2/N2 = 2:1:47.
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A closer analysis of the effect of functional groups on reaction outcomes showed that
ethane conversion was linearly dependent on the amount of CNT surface nucleophilic groups
(C=O and C-O) (Figure 5.7A and B). This is similar to what has been reported for ODH
ethylbenzene conversion.56 An analysis of the slopes of the concentration effect on conversions
showed that the effect of C=O was more significant compared to C-O, which is consistent with
C-H activation directly initialized by the C=O group.5 The ethylene selectivity was inversely
dependent on the amount of O=C-O on CNT (Figure 5.7C) which is consistent with carboxylic
acid groups causing overoxidation of ethane.17,47

Figure 5.7 The effect of A) C=O and B) C-O concentrations obtained from XPS on ethane
conversion and C) the effect of O=C-O concentration obtained from XPS on ethylene selectivity.

Combining the information from Figure 5.6 and Figure 5.5B, all the H2 treated CNT had
higher selectivities and lower O=C-O concentration compared to annealing treatments only. This
suggests that H2 modification is an efficient method for reducing the amount of surface O=C-O
groups and therefore increasing selectivity. For all samples with H2 treatments (Table S5.3,
entry 3-12) the ratio of C-O to C=O under oxidative conditions was observed to be 2.4±0.2 for
all samples, indicating a chemical equilibrium between the C-O and C=O interconversion on the
CNT surface. Instead of reacting with ethane directly, C-O favors C=O regeneration
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accompanied by H2O desorption via oxidation from dissociated oxygen on the basal planes of
CNT.44,57 In this study, the C-O was found to be at a higher concentration than C=O. Previous
reports showed that the first C-H bond breaking in the ethane molecule was an endothermic ratelimiting step and the C-O oxidation process was exothermic.16,41,45 Therefore, all of the C-O sites
on the CNT catalyst must not be efficiently converted to active C=O sites or that this oxidation to
C=O is kinetically favored under reaction conditions but favors C-O formation ex situ.

Figure 5.8 The correlations between surface area and
functional group concentrations: C-O (), C=O ()
and O=C-O (▲) on CNT after O2 pretreatment.

Under oxidative reaction conditions, the increase of surface area was accompanied by
generation of more C=O and C-O on the surface (Figure 5.8). As multiple groups decompose at
high temperatures such as C-O, C=O, ether, and lactones, defects are left on the surface which
are reactive under oxidative catalysis conditions.32 However, the O=C-O did not follow the same
trend and instead showed a minimum in the O=C-O dependence on surface area. This local
minimum is due to the competition between decomposition and reduction of O=C-O by
annealing and H2 treatment. Theoretically, the catalytic performance can be improved by
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increasing the number of C=O and C-O groups as well as decreasing O=C-O groups. In this
study, as the surface area increased by 49%, the number of C=O and C-O groups increased by
97% and 25%, respectively while only increasing 11% for O=C-O.
5.2.5 H2 treated o-CNT catalyst optimization and stability
In order to increase the yield above ~5.9% and further optimize reaction conditions, the
effects of flow rate, and H2 treatment time were studied (Figure 5.9). The increase of total flow
rate from 50 to 90 ml∙min-1 caused a decrease of ethane conversion from 11.6 to 7.2%
accompanied with a selectivity increase of 50.9 to 54.8% (Figure 5.9A). This is unsurprising as
the promotion of conversion is often in conflict with selectivity.16,25 The conversion decreased
with the increase of H2 treatment time but the selectivity is optimal at a 2 hour treatment time
(Figure 5.9B). Increasing the ratio of O2 and ethane from 1:2 to 2:1 increased the yield from
5.9% to 8.5%, however, the 65.5% increase in conversion at these conditions resulted in a 14.6%
decrease in selectivity (Table S5.4). In general, the best catalytic performance can be achieved
by increasing the temperature up to 550°C (550H catalyst with 2h treatment time) with a 50
ml∙min-1 flow rate and 6 vol% O2 and ethane concentration (1:2) resulting in an optimized yield
of 10.2% ethylene which is at 72.8% increase in yield (Table S5.5). Although the higher
temperature and O2 concentrations favor increased yields, these may ultimately affect the
stability of the catalysts. Although the catalytic performance for ethane ODH is slightly lower
than for propane, butane and isobutane, this is to be expected since ethane has a higher C-H
activation energy. However, our optimized yield is competitive with some longer alkane ODH
yields obtained with carbon-based catalysts (Table S5.7).6
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Figure 5.9 The effect of A) total flow rate (ethane/O2/N2 = 2:1:47, 450 °C, 2h H2 modification),
B) H2 modification time (ethane/O2/N2 = 2:1:47, 450 °C, 50 ml∙min-1) on the catalytic
performance of 550H.

Figure 5.10 Stability tests of catalyst (550H). Reaction
conditions: 450 °C, total flow rate was 50 ml∙min-1,
ethane/O2/N2 = 2:3:45.
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The 550H catalyst maintains catalytic activity over 520 min (Figure 5.10). The
conversion at 520 min is 16.4%, which is 2.5% higher than the initial conversion (16.0%). In
addition, the ethylene selectivity and yield also increased from 31.2% and 5.0% to 46.9% and
7.7%, respectively and kept increasing thereafter. It is worth noting that the selectivity increases
although conversion remains constant. The observation is consistent with the decomposition of
electrophilic peroxide/superoxide species during the ODH reaction conditions (Figure 4) that
would lead to an increase in selectivity.17,19 The residual catalyst masses were also measured
before and after the reaction (Table S5.6) for various treatments. The original catalyst used in
the reaction was 0.15 g. After surface modification and before the reaction, the mass of catalysts
decreased by 2.3-7.4 wt% due to functional group generation and dissociation from H2 or
annealing treatments. The mass changed again under initial reaction conditions due to the
removal of impurities and further functional group generation or conversion. After reaching
stability after three hours, the mass loss was negligible in the next 30 h, indicating high catalyst
stability. All catalytic tests for conversions, selectivities and yields were obtained only after the
catalyst had reached stability.
5.3 Conclusion
Our study developed a one-step, gas phase, green and simple H2 treatment of H2O2
functionalized CNT catalyst for the ODH of ethane. H2 can reduce O=C-O to C-O at high
temperature. This method can also reduce the unselective oxidation sites and increase the active
sites on the catalyst in the gas phase. In ODH conditions (ethane : O2 : N2 = 2:1:47, 450 °C and
50 ml∙min-1), the ethylene selectivity and yield improved by at most 81% and 28% respectively
with 2 h H2 modified CNT. The effect of C=O, C-O and O=C-O groups on ethane conversion
and selectivity was quantitatively studied and linear relationships identified. The catalytic
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performance can be also improved by increasing catalyst surface area. Therefore, designing and
implementing CNT materials with a higher surface area could improve conversion and
selectivity. The ethylene yield can be further improved by increasing reaction temperature and
oxygen content. In general, this study proposes new insights for gas-phase surface modification
of carbon-based catalysts to improve alkane ODH. We suggest that this method is more feasible
for the preparation of catalysts that will be used for gas phase reactions than liquid phase
reduction methods and can be applied to future carbon catalysts.
5.4 Experimental
5.4.1 Materials
All chemicals were reagent grade or higher. Purified multi-walled carbon nanotubes
(CNT 10–20 nm, >95 wt%) were purchased from Cheap Tubes Inc. Potassium iodide (KI,
crystals) was purchased from Millipore Sigma. Reagents purchased from Fisher Scientific
include: nitric acid (HNO3, 70 wt%), hydrochloric acid (HCl, 37 wt%) and hydrogen peroxide
(H2O2, 30 v/v%). Reagents purchased from Macron Fine Chemicals™ include: sodium
hydroxide (NaOH, pellet), sulfuric acid (H2SO4, 98%) and sodium thiosulfate, penta-hydrate
(Na2S2O3, crystals). Ammonium heptamolybdate ((NH4)6Mo7O24) was purchased from Alfa
Aesar
5.4.2 Catalysts preparation
As purchased or "as is" CNT were treated in one of four ways prior to use according to
our previous methods: 1 g CNT were refluxed in 60 ml (i) 30 v/v% H2O2 (abbreviated as o-CNT
after oxidation and drying) at 65 °C for 24 h; (ii) 4 M HNO3 at 100 °C for 24 h; (iii) 4 M HCl at
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40 °C for 24 h; (iv) 4 M NaOH in a Teflon autoclave at 190 °C for 6 h. All CNT were rinsed
with deionized water until pH was 7 and dried at 100 °C overnight in an oven.58
Gas phase surface modification of o-CNT was conducted with a heating rate of 5 °C∙min1

which was varied as follows: i) for the annealing modification, 0.15 g o-CNT was annealed

under 50 ml∙min-1 N2 at 450, 550, 700 °C for 5 h, the result catalysts were denoted as 450A,
550A and 700A. ii) for the H2 modification, 0.15 g o-CNT was reduced through 20 ml∙min-1 10%
H2/N2 at the same temperature, yielding 450H, 550H and 700H. iii) for the annealing followed
by the H2 modification, 0.15 g o-CNT was treated under i) followed by ii), yielding 450AH,
550AH and 700AH, respectively.
5.4.3 Catalysts characterization
The functionalities of CNT were characterized by XPS after charging effect correction.
The impurities of CNT were identified via scanning electron microscopy (S-FEG XL30 FEI)
coupled with energy dispersive X-ray (SEM-EDX) spectroscopy. Transmission electron
microscopy (Tecnai G2 F20 FEI) was used for the study of size and morphology of CNT before
and after oxidation. XPS was performed with a Surface Science SSX-100 X-ray photoelectron
spectrometer (Service Physics), with a monochromatic Al Kα source (1486.7 eV) and a hemispherical analyzer. Narrow scans were recorded with a spot size: 800 um × 800 um, resolution: 4
(nominal pass energy 100 eV), number of scans: 40, and step size: f 0.035 eV. All the peaks were
calibrated with respect to the C (1s) graphitic peak in the narrow scan to 284.0 eV binding
energy. Peak fitting was performed using CASAXPS software. Peaks were constrained by
position and full-width half maximum, with the exception of the π-π* shake-up satellite assigned
at 290.3 eV, where the FWHM was allowed to float. The surface area, pore volume and pore size
were determined by N2 adsorption/desorption isotherms at -195 °C using a surface area and
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porosity analyzer (TriStar II 3020, Micromeritics). The samples were degassed at 80 °C for 12 h
under N2 atmosphere. Surface areas were calculated by the Brunauer-Emmett-Teller (BET)
method, pore volumes and pore sizes were calculated by Barrett-Joyner-Halenda (BJH)
adsorption and desorption method respectively. The graphitization of CNT was evaluated via
Raman spectroscopy (Renishaw) with 785 nm laser excitation.
5.4.3.1 Iodometric titration
Iodometric titration was used to quantitatively obtain the functional group density of
electrophilic oxygen species on the surface of the functionalized CNT catalyst. This was
accomplished by converting solid phase peroxides into liquid phase peroxides. The liquid phase
peroxide concentration is then determined by titration. We performed this study under the
assumption that the electrophilic oxygen groups mainly consisted of peroxides and superoxides,
which are known to be capable of oxidizing aqueous I- into I2. The procedure followed previous
literature with more details found in the supporting information.17,19
5.4.4 Catalyst performance
Catalyst performance was conducted and analyzed via a column flow reactor coupled
with an in-line gas chromatography–mass spectrometry detector (GC-MS), (Shimadzu QP 2010
SE) equipped with a thermal conductivity detector (TCD). A small amount of catalyst (0.15 g)
was placed into a fritted quartz glass column (1 cm inner diameter). The packed column was then
inserted into a temperature-controlled furnace (Mellen) connected to a temperature controller
(Omega CN7800). The catalyst was pretreated for 3 h before ODH with 4 vol% ethane
(99.999%), 2 vol% O2 (99.99%), and 94 vol% N2 (99.98%) with a total flow rate of 50 ml∙min-1.
The GC-MS/TCD was installed with Restek HAYSEP R and Supelco Carboxen 1006 PLOT
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columns. Ethane conversions (X(C2H6)), ethylene selectivity (S(C2H6)) and yield (Y(C2H6)) were
calculated using a carbon mass balance outlined in the following equations (Eq. 5.1, Eq. 5.2 and
Eq. 5.3):
Eq. 5.1
Eq. 5.2
Eq. 5.3
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5.6 Supplementary information
1 Ruling out the effect of Ni on ODH
It is known that Ni based materials such as nickel oxide (NiO) are effective for light alkane
ODH. In this study, the effect of Ni nanoparticles on the ODH performance of CNT can be ruled
out for several reasons. First, as Figure S5.1 showed, a ~20 nm Ni nanoparticle was always
observed inside the tube or encapsulated by the graphene layer even after hot nitric acid (HNO3)
purification. The concentration of Ni was undetectable by EDX when the detection area was not
only focused on Ni sites.

A

B

C

17.6

Figure S5.1. A) TEM, B) STEM and C) STEM-EDX of Ni nanoparticle on CNT.
XPS was then used for the quantitative study of trace elemental Ni in CNT. However, the
Ni peak was buried in the noise and hardly detectable (Figure S5.2). The radius of CNT (10 nm)
may be larger than the Ni nanoparticles buried under graphene layers of CNT as shown in TEM
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(Figure S5.1) thus drastically weakened the signal to noise ratio. XPS and TEM
characterizations indicate that residual Ni is completely encapsulated with carbon rendering it
catalytically inactive for ODH. In order to improve the accuracy of elemental composition, 150
mg CNT was decomposed in the flow reactor under 10 vol% O2/N2 at 700 °C and 0.6 mg whitegreyish ash was collected and characterized with XPS. Figure S5.3 showed four types of peaks
including C1s, O1s, Fe 2p and Ni 2p3/2 in 284, 531, 714 and 855 eV respectively and the Ni was
37.3 wt% of the ash (Table S5.1), which was less than 0.15 wt% in the CNT. In order to further
rule out the effect of Ni, 10 mg ash was collected and used as a catalyst under ethane ODH
reaction conditions. No product peak was detected from GC-TCD. Moreover, the catalytic
activity of 0.3 wt% Ni supported CNT catalyst was also studied under the same condition and the
yield was only improved by 5% (from 1.13% to 1.19%). Therefore, the effect of residual Ni is
negligible.

Figure S5.2 Ni 2p3/2 spectra in the CNT
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Figure S5.3 XPS survey spectrum of the residual ash from the burned CNT
Table S5.1 The elemental composition of ash from CNT
Ash (CNT)
Binding energy
(eV)
wt%
At%

C1s

O1s

Fe 2p

Ni 2p3/2

Total

284

531

714

855

-

13.3
26.5

35.0
52.5

14.4
5.8

37.3
15.2

100.0
100.0
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Figure S5.4 Raman Spectra of CNT samples.
Table S5.2 Surface area, pore volume and pore size of CNT with various treatments.
Entry
Material
Surface area (m2/g)
Pore volume (cm3/g)
1
CNT
100.89 (82.93)
0.43 (0.44)*
2
o-CNT
150.11 (104.97)
0.53 (0.50)
3
450A
145.27 (105.83)
0.54 (0.48)
4
450AH
133.97 (104.67)
0.50 (0.50)
5
450H
126.94 (104.32)
0.50 (0.49)
6
550A
136.17 (106.34)
0.54 (0.52)
7
550AH
122.06 (105.47)
0.52 (0.51)
8
550H
120.73 (105.74)
0.51 (0.52)
9
700A
113.12 (100.00)
0.51 (0.49)
10
700AH
110.66 (103.54)
0.52 (0.51)
11
700H
107.42 (101.39)
0.51 (0.50)
12
700A550H
113.35 (95.62)
0.49 (0.47)
*Surface area before reaction are reported in the parentheses

Pore size (nm)
15.50 (20.87)
13.07 (16.32)
13.86 (15.84)
13.78 (16.24)
14.31 (15.63)
14.03 (16.40)
14.53 (16.60)
14.09 (16.64)
15.73 (16.43)
16.52 (16.70)
16.42 (16.83)
15.04 (16.17)

Table S5.3 The at% and binding energies of functional groups on CNT with various
modifications.
Treatment
Entry

1
2
3
4
5
6
7
8
9
10
11
12

A/H
A
A
A
A
A
H
H
H
H
H
H
H

Materials
Binding
energy
(eV)
CNT
o-CNT
450A
550A
700A
450H
550H
700H
450AH
550AH
700AH
700A550H

CO%

C=O%

O=CO%

pipi%

284.0 284.9
± 0.0 ± 0.2

286.0
± 0.2

287.3
± 0.3

288.5
± 0.2

290.3
± 0.2

77.82
59.20
56.73
65.05
67.19
64.11
63.84
65.71
60.13
63.85
65.16
62.88

4.59
5.75
6.63
5.05
4.57
6.15
5.66
4.94
6.15
5.42
4.36
5.43

1.50
2.95
2.80
2.18
1.74
2.43
2.49
1.87
2.75
2.54
1.87
2.26

1.43
1.59
1.62
1.38
1.30
1.19
1.04
1.17
1.25
1.02
1.12
1.05

5.88
9.04
6.66
4.49
6.14
5.78
6.78
5.17
6.83
6.74
5.08
5.66

sp2%

sp3%

4.86
15.52
17.12
13.59
14.11
13.73
15.18
15.99
15.18
15.11
18.31
17.74

C%

O%

96.07
94.04
91.54
91.74
94.79
93.38
94.98
94.84
92.61
94.67
95.91
95.01

3.93
5.96
8.46
8.26
5.21
6.62
5.02
5.16
7.39
5.33
4.09
4.99

Table S5.4 The ethane to O2 ratio effect of catalytic performance of 550H on ethane
ODH at 450 °C.
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Ethane : O2

Conversion (%)

Selectivity (%)

Yield (%)

2:1
3:2
1:1
2:3
1:2

11.6 ± 0.1
12.1 ± 0.4
14.2 ± 0.1
16.0 ± 0.2
19.2 ± 0.4

50.9 ± 0.3
48.8 ± 0.2
46.8 ± 1.0
45.5 ± 0.2
44.4 ± 0.6

5.9 ± 0.1
5.9 ± 0.0
6.6 ± 0.2
7.3 ± 0.1
8.5 ± 0.3

Table S5.5 The temperature effect of catalytic performance of 550H on ethane ODH
Temperature (°C)
400
450
500
550

Conversion (%)
2.2 ± 0.1
11.9 ± 0.1
17.3 ± 0.1
24.0 ± 0.2

Selectivity (%)
56.2 ± 1.3
49.7 ± 0.1
44.3 ± 0.5
42.6 ± 0.2

Yield (%)
1.2 ± 0.1
6.0 ± 0.0
7.7 ± 0.2
10.2 ± 0.1

2 Catalyst stability test
In order to investigate the effect of various treatments on the stability of CNT catalyst, the
residual catalysts before and after were shown in Table S6. The original catalyst used in the
reaction was 150 mg. After surface modification and before O2 pretreatment, the mass of
catalysts decreased by 2.3-7.4 wt% due to the functional group interconversion and dissociation.
The mass continued to change after O2 pretreatment due to the removal of impurities and
functional group generation. The mass loss was negligible in the next 30 h, indicating it stable in
the reaction.
Table S5.6 The stability of catalyst before and after O2 pretreatment process
Materials
CNT
oCNT
450A
550A
700A
450AH

Residual mass (mg)
Before O2 pretreatment
After O2* pretreatment
150.0
150.0
146.5
144.5
138.7
146.2
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139.1
137.5
137.1
139.0
138.5
139.3

550AH
142.0
700AH
140.6
450H
143.8
550H
138.9
700H
140.6
*The O2 pretreatment was operated at 450 °C

137.6
138.4
141.9
140.0
142.1

3 Details of iodometric titration
To be specific, aliquots of 16.6μL KI solution (100 g/L), 8.3μL H2SO4 (0.5 mol/L), 3 drops of
(NH4)6Mo7O24 (30g/L), and 1.0 mL of H2O were added to a 5 mg sample of CNT catalyst. This
mixture was sonicated in the dark at 25℃ for 30 minutes. During this process, the KI is oxidized
to I2 and the surface peroxides are reduced into O2-. This can be observed as the mixture
becomes orange over time due to the I2. The full reaction is shown in eq 1. After sonication,
mixture is immediately filtered and washed 6 times. Filtrate was then immediately titrated with
Na2S4O6. During titration, I2 in the filtrate was reduced back to I-. This can be observed as the
solution becomes clearer. This reaction is restated in eq 2. Due to our small sample size and the
resulting subtle, slow color change that occurred, we used an electric titrator and a saturated
calomel electrode to measure voltage change during the reduction. We then developed a MatLab
program to view the data and find equivalence points, which were used to calculate the
functional group density using eq 3.
(eq1)
(eq2)
(eq3)
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Where C was the concentration of electrophilic groups on the catalyst (mol∙g-1), V was the
Na2S2O3 solution consumption (ml), and m was the amount of CNT for titration (g).
Table S5.7 Comparison of alkane ODH optimized yields of carbon based catalysts
Reaction system
ethane - ethylene
ethane - ethylene
propane propene
propane propene
propane propene
butane-butene
butane-butene

Catalysts
CNT
CNT
CNT

Optimum yield (%) Reference
10.2
This work
6
ChemCatChem 2010, 2, 644-648
Angew. Chem., Int. Ed. 2009, 48,
4.5
6913−6917

CNT

4.5

Catal. Today 2005, 106, 90−94

CNF

3.4

ChemSusChem 2014, 7, 2496-504

CNT
CNT

9.5
10

butane-butene

CNT

0.5

butane-butene

nanodiamond

1

Science 2008, 322, 73−77
J. Catal. 2018, 360, 51-56
Angew. Chem., Int. Ed. 2011, 50,
3318−3322
Angew. Chem., Int. Ed. 2011, 50,
3318−3322

graphene oxide

3

J. Catal. 2009, 267, 158−166

active carbon

10

Appl. Catal., A 2009, 267, 67−74

active carbon

10

Appl. Catal., A 2006, 311, 51−57

Meso graphitic
carbon

1.6

isobutaneisobutene
isobutaneisobutene
isobutaneisobutene
isobutaneisobutene

J. Catal. 2009, 267, 158–166
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Chapter 6
6

Conclusion
Atmospheric CO2 concentration has increased due to increasing fossil fuels usage. In

order to mitigate detrimental effects such as global climate warming and anthropogenic climate
change, CO2 adsorption must be efficient and selective. Carbon nanotubes (CNT) are a
promising candidate for supporting amines due to various advantages, Polyethylenimine (PEI) is
a promising amine-functionalized adsorbent because of higher amine group density compared to
other amine-containing compounds. In this dissertation, a supported PEI on CNT is developed
via both physical and covalent methods. The effect of surface modification of CNT supports on
the amine loading and CO2 capture capacity are also investigated. The result show that surface
treatment and purification of CNT supports are not beneficial for improving the CO2 capture of
polymeric amines, indicating that industrial grade as prepared CNT materials are a suitable
support for polymeric amines without further treatment. This outcome lowers the material
preparation cost. The CO2 adsorption capacity of CNT-PEI is drastically improved as height
decreases, suggesting that the improvement of CO2 capture can be achieved by splitting a fixed
amount of material into multiple thin layers to overcome the mass transfer resistance and
maximize the exposure of adsorbents to CO2. After steam treatment, the physicochemical
properties of CNT support are still maintained indicating that CNT as a support show better
steam stability than traditional metal oxides such as silica and alumina. Compared to Physical
adsorbed PEI on CNT, covalent bonded method can significantly improve the steam stability of
PEI, indicating that supported amine materials with high stability in steam can be obtained via
covalent modification methods. The surface chemistry of materials was well analyzed through
various characterization methods. The effect of functional groups and surface area of CNT on the
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covalent PEI loading was simulated by a statistical model, which elucidated a strategy to
enhance the covalent PEI loading on acylated CNT. In general, we demonstrate that both support
(CNT) and CO2 adsorbent (PEI) show a promising stability under the steam condition,
suggesting that our solid-state amine material (CNT-PEI) can be more suitable for CO2 capture
in post-combustion processes.
Ethylene is vital to the petrochemical industry for the synthesis of polymers, alpha
olefins, and many other products. With the discovery of large shale gas deposits that contain
significant quantities of ethane, on purpose ethylene production from ethane has become highly
attractive. Oxidative dehydrogenation (ODH) is a promising route because it reduces traditional
energy consumption, and highly efficient catalysts can be designed at low cost. Carbon-based
catalysts can overcome many of the challenges of metal oxide catalysts due to non-coking
character, low cost, and lack of metal contamination in the products. In addition, carbon-based
catalysts exhibit general chemical inertness, broad availability, and environmentally benign
properties. In this dissertation, we developed a one-step, gas phase, green and simple H2
treatment of H2O2 functionalized CNT catalyst for the ODH of ethane. H2 can reduce O=C-O to
C-O at high temperature. This method can also reduce the unselective oxidation sites and
increase the active sites on the catalyst in the gas phase. The effect of C=O, C-O and O=C-O
groups on ethane conversion and selectivity was quantitatively studied and linear relationships
identified. The catalytic performance can be also improved by increasing catalyst surface area.
The ethylene yield can be further improved by increasing reaction temperature and oxygen
content. In general, this study proposes new insights for gas-phase surface modification of
carbon-based catalysts to improve alkane ODH. We suggest that this method is more feasible for
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the preparation of catalysts that will be used for gas phase reactions than liquid phase reduction
methods and can be applied to future carbon catalysts.
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